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expansión	 másica,	 la	 expansión	 térmica,	 la	 viscosidad	 dinámica,	 el	 índice	 de	 refracción	 y	 los	











Digital	 Interferometry.	 En	 cuanto	 a	 mezclas	 ternarias	 se	 refiere,	 se	 han	 determinado	 los	
coeficientes	 de	 difusión	 de	 una	 mezcla	 de	 Tolueno‐Metanol‐Ciclohexano	 mediante	 la	 técnica	
Slidding	Symmetric	Tubes.	
En	este	trabajo,	también	se	han	analizado	las	mezclas	de	la	tercera	fase	del	proyecto	DCMIX	
formada	 por	 Trietilene	 Glicol‐Agua‐Etanol.	 En	 total,	 se	 han	 analizado	 los	 coeficientes	 de	
termodifusión	de	12	mezclas	binarias	y	de	2	mezclas	ternarias.	
Además	de	las	mezclas	del	proyecto	DCMIX,	se	han	determinado	los	coeficientes	de	difusión	
















dira,	 esaterako,	 dentsitatea,	 espantsio	 termikoa,	 espantsio	 masikoa,	 biskositate	 dinamikoa,	
errefrakzio	 indizea	eta	kontraste	 faktore	deritzon,	errefrakzio	 indizearen	aldaketa	tenperatura	
eta	kontzentrazioaren	arabera.	
Aztertutako	 nahasketen	 artean,	 DCMIX	 proiektuko	 bigarren	 faseko	 Toluenoa‐Metanola‐
Ziklohexanoa	 osagaiak	daude.	 Guztira,	 26	nahasketa	 bitar	 aztertu	 dira	Alemaniako	Universität	
Bayreuth‐ko	 Prof.	 Köhler	 eta	 Belgikako	 Université	 Libre	 de	 Bruxelles‐ko	 Prof.	 Shevtsovaren	
taldeekin	elkarlanean.	Lan	honetako	hainbat	nahasketa	bitarren	azterketak,	nahasketa	hirutarrak	





Aztertutako	 bigarren	 nahasketa,	 DCMIX	 proiektuko	 hirugarren	 fasean	 aztertzen	 diren	
Trietilene	 Glikola‐Ura‐Etanola	 osagaiez	 osaturik	 dago.	 Guztira,	 12	 nahasketa	 bitarren	 eta	 2	
nahasketa	hirutarren	termodifusio	koefizienteak	neurtu	dira.	




Azkenik,	 Digital	 Interferometry	 analisi	 metodoa	 aplikatu	 zaio	 mikro‐zutabe	
termograbitazionalari.	 Analisi	 metodo	 honen	 bitartez,	 mikro‐zutabearen	 altuera	 osoko	










mixtures	 have	 been	 determined.	 In	 addition,	 thermophysical	 and	 optical	 properties	 such	 as	







This	work,	has	 allowed	 to	 frame	 the	 ternary	parameter	 space	by	 thoroughly	 investigating	 the	
boundaries	along	the	binary	composition	 lines.	Correlations	 for	 the	 thermophysical	properties	
have	been	included	in	this	study.	By	means	of	Thermogravitational	Column,	Slidding	Symmetric	
Tubes,	Optical	Beam	Deflection	and	Optical	Digital	 Interferometry	 techniques,	 it	has	also	been	
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ic 	 Concentración	másica	del	componente	 i 	de	la	mezcla	
J 	 Flujo	de	masa  smkg 2 	
xL 	 Profundidad	del	gap	de	la	columna	termogravitacional  m 	
xL 	 Altura	del	gap	de	la	columna	termogravitacional  m 	
yL 	 Anchura	del	gap	de	la	columna	termogravitacional  m 	
 	 Viscosidad	dinámica	  sPa 	
	 Viscosidad	cinemática  sm2 	
TD 	 Coeficiente	de	termodifusión  Ksm2 	
D 	 Coeficiente	de	Difusión  sm2 	
TS 	 Coeficiente	Soret  1K 	
T	 Temperatura  Cº 	
g 	 Gravedad  2sm 	
 	 Densidad  3mkg 	
 	 Coeficiente	de	expansión	térmica	  1K 	
 	 Coeficiente	de	expansión	másica	
ik 	 Coeficiente	de	calibración	del	plano	correspondiente	a	la	densidad  3mkg 	
'
ik 	 Coeficiente	de	calibración	del	plano	correspondiente	al	índice	de	refracción	






Masa	del	componente	 i 	de	la	mezcla  kg 	
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Longitud	de	onda	  nm 	
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de	concentración	 c 	y	la	termodifusión	(DT),	que	se	da	debido	al	gradiente	de	temperatura	 T ,	
de	acuerdo	con	la	siguiente	ecuación	de	flujo	de	masa:	













T  11 	 (1.	3)
La	determinación	de	los	coeficientes	de	transporte	en	mezclas	binarias	había	sido	analizada	
para	el	caso	de	los	polímeros	y	los	isotopos	además	de	las	mezclas	Tolueno‐nHexano	[21]–[23]	y	
Agua‐Etanol	 [24]–[26]	 entre	 otros.	 Sin	 embargo,	 durante	 muchos	 años,	 no	 se	 sabía	 si	 los	
resultados	publicados	eran	fiables	o	no,	y	si	las	técnicas	que	se	utilizaban	eran	capaces	de	medir	
con	precisión	los	valores	de	Soret,	de	Difusión	y	de	Termodifusión.	Por	este	motivo,	en	1999	cinco	
grupos	 europeos	 decidieron	 analizar	 las	 mismas	 mezclas	 mediante	 diferentes	 técnicas	
experimentales.	Para	ello,	 se	 seleccionaron	 tres	mezclas	binarias	 equimásicas	 compuestas	por	




base	 a	 la	 velocimetría	 laser	 (LDV)	 [30],	 la	 Open	 Ended	 Capillary	 (OEC)	 [30]	 y	 la	 Columna	
Termogravitacional	en	medios	porosos	[31].	Como	fruto	de	este	trabajo,	en	2003	se	presentaron	
los	valores	de	Soret,	de	difusión	y	de	termodifusión	determinados	mediante	diferentes	técnicas	
experimentales.	 Así,	 se	 propusieron	 los	 primeros	 valores	 unificados	para	 las	mezclas	 binarias	
analizadas,	conocidas	hoy	en	día	como	Benchmark	Fontainebleau	[32].	
Más	tarde,	los	valores	del	Benchmark	de	estas	mezclas	binarias	se	han	utilizado	para	validar	




y	 la	 técnica	 de	 la	 micro‐columna	 termogravitacional	 [35]	 que	 determina	 el	 coeficiente	 de	
termodifusión	de	forma	directa.	
Actualmente,	el	reto	está	en	el	estudio	de	las	mezclas	multicomponentes	debido	a	que	los	
procesos	naturales	no	están	 formados	 solo	por	dos	 componentes.	Para	ello,	 el	primer	paso	es	
analizar	mezclas	ternarias,	y	por	eso,	en	la	última	década	el	interés	se	ha	enfocado	en	su	análisis.	
La	 complejidad	 de	 las	 mezclas	 ternarias	 en	 comparación	 a	 las	 mezclas	 binarias,	 aumenta	
considerablemente.	En	las	mezclas	ternarias,	hay	dos	concentraciones	independientes	 1c 	y	 2c .La	
tercera	concentración,	se	calcula	mediante	la	condición	de	que	la	suma	de	los	tres	tiene	que	ser	
igual	a	1.	Además,	en	las	mezclas	ternarias	hay	6	coeficientes	independientes:	cuatro	coeficientes	





termodifusión	 ' 1,TD 	y	
'

























































Donde,	  	es	la	densidad	de	la	mezcla	y	  xci  	es	el	gradiente	de	concentración	másica	
del	 componente	 i 	generado	 en	 la	 dirección	  x 	debido	 a	 la	 aplicación	 del	 gradiente	 de	
temperatura	  xT  	en	 la	 misma	 dirección. ' 1,TD y ' 2,TD ,	 son	 coeficientes	 fenomenológicos	
dependientes	de	 la	concentración.	Estos	coeficientes	 fenomenológicos,	cuantifican	el	efecto	del	
gradiente	 de	 temperatura	 en	 los	 flujos	 de	 masa,	 pero	 no	 describen	 su	 dependencia	 de	
concentración.	Así,	 ' ,iTD 	puede	ser	proporcional	a	  ii cc 1 	como	en	las	mezclas	binarias	[36],	o	
nicc 	donde	 nc 	es	la	fracción	másica	del	último	componenten 	[37].	De	acuerdo	a	las	ecuaciones	

















compuestas	 por	 (tetrahidronaftalina‐isobutilbenzeno‐dodecano)	 y	 (octano‐decano‐1‐

























analizadas	en	condiciones	 terrestres	y	han	dado	 lugar	a	varias	publicaciones	 tanto	de	mezclas	
binarias	 [28],	 [34],	 [48],	 [49]	 como	 de	 mezclas	 ternarias	 [46],	 [50]–[54].Gracias	 al	 trabajo	
realizado,	en	2015	se	presentó	el	primer	Benchmark	de	los	coeficientes	de	transporte	de	mezclas	
ternarias	 [55].	 La	 segunda	 fase	 DCMIX2,	 está	 compuesta	 por	 Tolueno	 (Tol),	 Metanol	 (Met)	 y	
Ciclohexano	 (Ch).	 Esta	 mezcla,	 se	 caracteriza	 por	 ser	 crítica	 ya	 que	 en	 un	 amplio	 rango	 de	
concentraciones	los	componentes	de	la	mezcla	son	inmiscibles	[56]–[61].	Además,	el	coeficiente	
Soret	 no	 es	 siempre	 positivo,	 depende	 de	 la	 fracción	 másica,	 y	 por	 lo	 tanto	 en	 un	 rango	 de	
concentraciones	 puede	manifestar	 inestabilidades	 termohidrodinámicas.	 Los	 experimentos	 de	
ISS	correspondientes	a	esta	segunda	fase,	se	completaron	en	enero	de	2014	pero	los	experimentos	
en	condiciones	terrestres	todavía	se	están	llevando	a	cabo.	
La	tercera	 fase	DCMIX3,	 incluye	 la	primera	mezcla	acuosa	compuesta	por	Agua,	Etanol	y	

















DCMIX2.	 En	 la	 segunda,	 se	 ha	 propuesto	 analizar	 por	 primera	 vez	 mezclas	 ternarias	 con	
nanofluidos	 (Tetrahidronaftalina	 (THN),	 Tolueno	 (Tol)	 y	 Fullereno	 (C60)).	 Por	 último,	 en	 la	
tercera	mezcla	ternaria	se	analizarán	polímeros	(Poliestireno,	Tolueno	y	nHexano	(C6)).	
Gracias	al	proyecto	DCMIX,	se	está	creando	una	base	de	datos	fiable	de	mezclas	ternarias	
que	 servirá	 entre	 otras	 cosas	 para	 desarrollar	 diferentes	 modelos	 de	 predicción	 en	 mezclas	



































El	 objetivo	 principal	 de	 esta	 tesis,	 es	 determinar	 el	 coeficiente	 Soret,	 de	 Difusión	 y	 de	
Termodifusión	de	mezclas	binarias	y	ternarias.	Las	mezclas	que	se	han	propuesto	analizar,	son	
Tol‐Met‐Ch	de	 la	segunda	 fase	DCMIX2,	TEG‐Agua‐Etanol	de	 la	 tercera	 fase	DCMIX3	y	Mn‐Tol‐
nC10.		
Para	llevar	a	cabo	este	objetivo,	se	han	proyectado	diferentes	subobjetivos:	
 Determinar	 las	 propiedades	 termofísicas	 necesarias	 como	 la	 densidad,	 la	 viscosidad	
dinámica,	 la	 expansión	 térmica,	 la	 expansión	 másica,	 el	 índice	 de	 refracción	 y	 los	
factores	de	contraste.	
 Determinar	 el	 coeficiente	 de	 termodifusión	 de	 forma	 directa	 de	 mezclas	 binarias	 y	
ternarias	mediante	la	columna	termogravitacional	convencional.	
 Desarrollar	 un	 nuevo	 método	 de	 análisis	 óptico	 para	 determinar	 el	 coeficiente	 de	
termodifusión	mediante	 la	micro‐columna	 termogravitacional	 y	 por	 primera	 vez	 en	
mezclas	ternarias.	
 Determinar	 el	 coeficiente	 de	 difusión	 de	 forma	 directa	 mediante	 la	 técnica	 Sliding	
Symmetric	Tubes.	
 Determinar	 el	 coeficiente	Soret	de	 forma	directa	mediante	 las	 técnicas	Optical	Beam	
Deflection	y	la	Optical	Digital	Interferometry.	
 Analizar	 y	 comparar	 los	 coeficientes	 Soret	 obtenidos	 de	 forma	 indirecta	 y	 directa	
mediante	diferentes	técnicas.	
 Comparar	 los	 resultados	 experimentales	 obtenidos	 en	 condiciones	 terrestres	 y	
enmicrogravedad	mediante	la	técnica	SODI.	
A	continuación,	la	Figura	2.	1	muestra	el	diagrama	de	los	objetivos	de	esta	tesis	doctoral.	







































universidad	 de	 Mondragón,	 en	 el	 laboratorio	 del	 Prof.	 Köhler	 de	 Universität	 Bayreuthy	 el	
laboratorio	 Microgravity	 Research	 Center	 (MRC)	 de	 la	 Prof.	 Shevtsova	 de	Université	 Libre	 de	
Bruxelles.	
3.1 Determinación	de	las	propiedades	termofísicas	
Para	 determinar	 los	 coeficientes	 de	 transporte	 es	 necesario	 determinar	 diferentes	
propiedades	termofísicas	dependiendo	de	la	técnica	experimental	que	se	vaya	a	utilizar.	En	este	









Para	 ello,	 bien	 si	 se	 quieren	 preparar	 mezclas	 binarias	 o	 ternarias,	 se	 añaden	 los	























una	 frecuencia	 determinada	 dependiendo	 de	 la	 densidad	 de	 cada	 mezcla.	 Mediante	 la	
determinación	 precisa	 de	 la	 frecuencia	 y	 un	 ajuste	 apropiado,	 finalmente,	 se	 determina	 la	
densidad.	La	densidad	de	los	fluidos	depende	de	la	temperatura,	de	modo	que	es	importante	un	












La	expansión	térmica	   ,	se	define	como	la	variación	del	volumen	de	la	mezcla	en	función	
de	la	temperatura.	Para	calcularlo,	se	prepara	una	muestra	con	la	concentración	másica	deseada	
y	 se	 introduce	 en	 el	 densímetro	 Anton	 Para	 DMA	 5000.	 El	 densímetro	 mide	 la	 densidad	 a	
diferentes	 temperaturas	 entorno	a	 la	 temperatura	de	 trabajo	25°C,	 desde	24°C	 a	 26°C	 con	un	
incremento	de	0.5°C.	
Cuando	 se	 finaliza	 el	 proceso,	 se	 analiza	 la	 variación	 de	 la	 densidad	 en	 función	 de	 la	





































































calibración,	la	densidad	de	la	bola	 b ,	la	densidad	de	la	muestra	 m 	y	el	tiempo	 t ,	se	determina	
la	viscosidad	dinámica	de	la	muestra	analizada,	





Para	 determinar	 el	 índice	 de	 refracción	 de	 las	 mezclas	 analizadas,	 se	 ha	 utilizado	 el	
refractometro	Anton	Paar	RXA	156,	que	tiene	un	laser	de	Sodio	D	de	598	nm	de	longitud	de	onda	
(Figura	3.	8).	Las	mediciones	son	rápidas	y	requieren	un	volumen	mínimo	de	muestra	de	0,2	ml.	
Con	este	dispositivo,	 se	puede	medir	el	 índice	de	refracción	entre	 los	valores	de	1,32	a	1,56	a	






















determinación	 de	 los	 factores	 de	 contraste	   Tpcn , 	y	   cpTn , ,	 es	 imprescindible.	 La	
determinación	 de	 estos	 coeficientes,	 se	 realiza	 en	 dos	 pasos.	 Primero,	 se	 mide	 el	 índice	 de	






El	segundo	paso,	es	medir	el	factor	de	contraste	   cpTn , 	de	las	mismas	mezclas	mediante	
























1211101 cacaacb )( 	 (3.	7)
2
2221202 cacaacb )( 	 (3.	8)























































































En	 las	mezclas	 binarias,	 solo	 hay	 una	 concentración	 independiente	 ic .	 De	modo	 que	 es	













En	el	 caso	de	 las	mezclas	 ternarias,	hay	dos	 concentraciones	 independientes	 ic 	y	 jc ,	 de	
modo	que	es	necesario	conocer	dos	propiedades.	Para	ello,	se	puede	establecer	una	relación	de	
las	concentraciones	( ic 	y	 jc )	con	la	variación	de	la	densidad	y	el	 índice	de	refracción,	o	con	el	
índice	 de	 refracción	 de	 dos	 longitudes	 de	 ondas	 diferentes.	 La	 concentración	 del	 tercer	
componente,	 se	determina	mediante	 la	relación	de	 la	conservación,	 siendo	 la	suma	de	 las	 tres	
concentraciones	igual	a	1.	
Para	 determinar	 la	 concentración	 mediante	 el	 análisis	 de	 la	 densidad	 y	 el	 índice	 de	
refracción,	 es	 necesario	 hacer	 una	 calibración	 previa.	 Esta	 calibración,	 consiste	 en	 analizar	 la	
densidad	y	el	 índice	de	refracción	al	menos	para	 las	25	mezclas	alrededor	de	 la	concentración	
másica	de	la	mezcla	que	se	quiera	analizar.	De	este	modo,	se	obtienen	dos	planos	de	calibración	
































213 1 ccc  	 (3.	14)
Como	se	ha	comentado	anteriormente,	la	concentración	de	las	mezclas	ternarias	también,	
se	 puede	 determinar	mediante	 el	 análisis	 del	 índice	 de	 refracción.	 En	 este	 caso,	 es	 necesario	
conocer	 la	 variación	 del	 índice	 de	 refracción	 de	 dos	 longitudes	 de	 onda,	 en	 función	 de	 dos	

































































































La	 técnica	 Termogravitacional	 [23],	 se	 utiliza	 para	 determinar	 el	 coeficiente	 de	
termodifusión	(DT).	Entre	las	técnicas	experimentales	que	se	utilizan	a	día	de	hoy,	es	la	única	que	





temperatura	horizontal	 enfriando	una	de	 las	paredes	de	 la	 columna	y	 calentando	 la	otra.	Este	
gradiente,	genera	una	separación	horizontal	entre	los	componentes	de	la	mezcla	debido	al	flujo	
termodifusivo.	Generalmente	cuando	el	coeficiente	de	termodifusión	es	positivo,	el	componente	







La	columna	que	se	ha	utilizado	en	este	 trabajo,	 tiene	unas	dimensiones	de,	 mmLz 980 	


































Cuando	 la	 mezcla	 alcanza	 el	 tiempo	 de	 equilibrio,	 se	 analiza	 la	 distribución	 de	 la	




La	 separación	 en	mezclas	 binarias,	 se	 puede	 analizar	 tanto	 en	 base	 a	 la	 variación	 de	 la	

































muestra	 extraida	 y	 se	 representa	 la	 variación	 de	 concentración	 en	 función	 de	 la	 altura	 de	 la	
columna.	 Siempre	 que	 la	 mezcla	 sea	 estable,	 la	 variación	 de	 la	 concentración	 tiene	 un	
comportamiento	lineal	a	lo	largo	de	la	altura	de	la	columna.	Así	que,	se	calculan	las	pendientes	de	













ecuación	 (3.	 18).	 Donde,	
'
,iTD 	es	 el	 coeficiente	 de	 termodifusión	 del	 componente	 i ,	 ic 	es	 la	






















termodifusión	 se	 determina	 de	 forma	directa.	 Además,	 el	 efecto	 de	 la	 convección	 amplifica	 la	
separación	de	la	concentración	entre	los	extremos	de	la	columna	aumentando	así	la	sensibilidad	
de	la	medición.	Sin	embargo,	requiere	una	gran	cantidad	de	muestra	(60ml	aprox.).	Por	otra	parte,	





































































































































































































tubo	 inferior	 y	 superior	 en	 función	 del	 tiempo,	 infic 	y	
sup
































Donde,	 S 	es	 la	 pendiente	 de	 la	 recta,	 H 	es	 la	 altura	 de	 los	 tubos,	 infc 	y	 supc 	son	 las	
concentraciones	 medias	 del	 tubo	 inferior	 y	 superior	 respectivamente	 y	 D 	el	 coeficiente	 de	
difusión	que	se	quiere	determinar.	
La	ecuación	(3.	22),	sirve	hasta	el	momento	en	el	que	la	difusión	llega	a	2/3	de	los	extremos	


























En	el	caso	de	 las	mezclas	ternarias,	es	 imprescindible	analizar	 la	densidad	y	el	 índice	de	
refracción	 para	 determinar	 las	 concentraciones	 de	 los	 componentes.	 Para	 determinar	 los	

































  ,)()(, sup,10211 cerfcBerfcAtzc   	 	







































Donde,	 A ,	 B , 1 	y	 2 	son:	

























































































































































ensayos	 con	 diferentes	 concentraciones	 iníciales.	 Así,	 se	 obtienen	 cuatro	 ecuaciones	 para	
determinar	los	cuatro	coeficientes	de	difusión.	
Ventajas	y	desventajas	































































































Donde,	 l 	es	el	espesor	del	marco	del	cristal,	 mld 32,1 	es	la	distancia	del	rayo	láser	desde	
la	célula	hasta	la	cámara,	 dzdn 	es	la	media	del	gradiente	del	índice	de	refracción	y	los	términos	
airn 	y	 ww nl / 	son	una	pequeña	corrección	de	las	ventanas	de	vidrio.	















  TccDcDc Tt 22 1  	 (3.	35)
	
Mezclas	ternarias	
Si	 la	 mezcla	 a	 analizar	 es	 una	 mezcla	 ternaria,	 es	 necesario	 tener	 un	 segundo	 láser	 de	

























































































































































El	método	 de	 análisis	 que	 se	 utiliza	 para	 determinar	 las	 propiedades	 de	 transporte,	 es	
puramente	óptico	y	para	ello	se	emplea	el	interferómetro	de	Mach‐Zehnder	tal	y	como	se	puede	





















Esta	técnica,	permite	analizar	la	separación	de	concentración	  c 	entre	puntos	arbitrarios	
y	además	reproduce	el	campo	de	concentración	en	toda	la	sección	transversal	de	dos	dimensiones.	






























Donde,	  zxT , 	y	  zxc , 	son	la	diferencia	de	la	temperatura	y	de	la	concentración	en	la	
posición	 ),( zx .	A	su	vez,	la	variación	del	índice	de	refracción	 n ,	está	relacionada	con	la	diferencia	






















































22   	es	el	 tiempo	de	relajación,	D 	es	el	coeficiente	de	Difusión,	 TS 	es	el	
coeficiente	 de	 Soret	 y	 H 	es	 la	 altura	 de	 la	 célula.	 El	 signo	 del	 primer	 término,	 depende	 del	
componente	que	se	toma	como	referencia,	en	el	caso	del	componente	más	denso	es	positivo.	En	
esta	 ecuación	hay	dos	 parámetros	 TS 	y	 r 	que	 se	 desconoce	 su	magnitud.	 El	 cálculo	 de	 estos	
valores,	 consiste	en	comparar	 los	datos	de	 las	mediciones	de	 la	 concentración	con	 los	valores	














































así,	los	valores	de	 st nmn670 	y	
st
nmn935 .	
   eff' ,,, Dtzfntzn st 	 (3.	44)

















































































































































1     	 (3.	46)


















































en	día	 en	 la	Estación	Espacial	 Internacional	 (ISS)	para	 la	determinación	de	 los	 coeficientes	de	
difusión,	 termodifusión	 y	 Soret	 en	 condiciones	 de	microgravedad.	 La	 determinación	 de	 estos	
coeficientes	de	transporte	en	mezclas	ternarias,	es	más	complicada	en	comparación	a	las	mezclas	
binarias.	 De	 hecho,	 cuando	 se	 empezaron	 a	 analizar	 las	mezclas	 ternarias,	 existían	 diferentes	
trabajos	[38]–[41]	donde	los	resultados	no	solo	diferían	en	magnitud,	sino	también	en	el	signo.	
Las	medidas	en	la	ISS,	ofrecen	un	entorno	ideal	en	condiciones	de	microgravedad,	de	modo	que,	




















está	 entre	dos	bloques	de	 cobre	 chapados	en	níquel	 como	se	muestra	 en	 la	 (Figura	3.	29).	 La	
distancia	entre	los	bloques	es	de	H=5,0	mm,	con	lo	que	el	volumen	de	fluido	para	el	experimento	
es	de	10	x	10	x	5	mm3.	Se	deja	un	volumen	adicional	de	la	muestra	y	se	cierra	con	una	membrana	














la	siguiente	ecuación	(3.	48),	siendo	  zxI i , 	la	intensidad	en	cada	punto,	





















































termodifusión	 de	 cualquier	 concentración	 ternaria	 a	 partir	 de	 sus	 binarios	 correspondientes.	




C12	 a	 lo	 largo	 de	 su	 rango	 de	 concentraciones	 [48].	 Las	mediciones	 de	 los	 sistemas	 binarias,	
podrían	 incluso	 ser	 extrapolados	 para	 predecir	 los	 coeficientes	 correspondientes	 en	 mezclas	
ternarias.	
El	estudio	de	 las	mezclas	binarias	es	 la	base	para	comprender	el	comportamiento	de	 los	





































del	 responsable	 de	 cada	 uno	 de	 los	 grupos	 colaboradores	 quien	 realiza	 los	 análisis	
correspondientes	 en	 los	 tres	 laboratorios	 utilizando	 las	 técnicas	 TGC,	 SST,	 OBD	 y	 ODI.	 Para	
determinar	los	coeficientes	de	Soret,	de	Termodifusión	y	de	Difusión	Molecular,	dependiendo	de	
las	técnicas	que	se	utilicen	es	necesario	determinar	ciertas	propiedades.	En	el	caso	de	la	técnica	
TGC,	 por	 ejemplo,	 es	 necesario	 determinar	 las	 propiedades	 termofísicas	 como	 la	 densidad,	 la	
expansión	 térmica,	 la	 expansión	 másica	 y	 la	 viscosidad	 para	 calcular	 el	 coeficiente	 de	
termodifusión.	Las	técnicas	OBD	y	ODI,	están	basadas	en	el	análisis	puramente	óptico.	Por	esta	
razón,	 es	 imprescindible	 conocer	 las	 propiedades	 ópticas	 como	 el	 índice	 de	 refracción	 y	 los	
































Tol‐Met	 0.000	 786.608	 1.199	 	 0.544	
	 0.135	 796.498	 1.194	 9.26	 0.557	
	 0.189	 800.495	 1.189	 9.23	 0.562	
	 0.336	 811.444	 1.181	 9.16	 0.572	
	 0.552	 827.632	 1.160	 9.10	 0.578	
	 0.650	 835.055	 1.150	 9.09	 0.571	
	 0.908	 854.772	 1.113	 9.09	 0.545	
	 1.000	 862.179	 1.082	 	 0.552	
Tol‐Ch	 0.00	 773.852	 1.220	 	 0.893	
	 0.20	 787.146	 1.198	 9.16	 0.727	
	 0.40	 802.661	 1.168	 10.40	 0.632	
	 0.50	 811.274	 1.154	 10.96	 0.602	
	 0.60	 820.385	 1.139	 11.52	 0.578	
	 0.80	 840.222	 1.109	 12.39	 0.557	
	 1.00	 862.179	 1.082	 	 0.552	
Met‐Ch	 0.00	 773.852	 1.220	 	 0.893	
	 0.03	 772.648	 1.245	 ‐3.21	 0.842	
	 Rango	no	miscible	
	 0.70	 775.559	 1.241	 3.04	 0.595	
	 0.75	 776.882	 1.234	 3.64	 0.585	
	 0.80	 778.455	 1.226	 4.27	 0.572	
	 0.85	 780.192	 1.220	 4.75	 0.565	
	 0.90	 782.195	 1.216	 5.35	 0.556	






Uno	 de	 los	 propósitos	 de	 este	 estudio	 ha	 sido	 caracterizar	 las	 tres	 mezclas	 binarias	 y	
comparar	los	resultados	con	los	datos	de	la	literatura	(Tabla	4.	3).	Los	datos	proporcionados	por	










	 Ref.	Seleccionados	 [84],	[86]	 [86],	[88]	 …	
Tol‐Ch	 Todos	las	referencias	 [90]–[94]	 [92],	[93],	[95]	 [90],	[93]	
	 Ref.	Seleccionados	 [93],	[94]	 [93]	 [93]	
Met‐Ch	 Todos	las	referencias	 [96]	 …	 [97]	
	 Ref.	Seleccionados	 [96]	 …	 …	
	




lin  exp 	 (4.	1)


















lin cccc  	 (4.	2)
Donde,	 0n 	es	la	densidad	del	componente	puro	n ,	
lin 	es	el	valor	de	la	densidad	que	varía	
linealmente	 entre	 01 	y	
0












Para	 determinarla	 correlación,	 es	 imprescindible	 definir	 bien	 las	 propiedades	 de	 los	




	 Unidades	 Tolueno	 Metanol	 Ciclohexano	
0 	 3mkg 	 862.22±0.07	 786.63±0.05	 773.8±0.13	
30 10 	 Pas 	 0.558±0.006	 0.547±0.003	 0.899±0.010	
30 10  	 1K 	 1.082	 1.199	 1.220	
	



























































210 cdcdcddc )( 	 (4.	5)
Siendo,	 c	 la	 fracción	 másica	 del	 componente	 de	 referencia	 y	 id 	el	 coeficiente	 para	 la	
densidad	de	la	mezcla	analizada.	La	Tabla	4.	5,	presenta	los	coeficientes	de	la	densidad	junto	con	






	 Unidades	 Tol‐Met	 Tol‐Ch	 Met‐Ch	
Desviación	de	la	densidad,	  	 	 	 	
0A 	
3mkg 	 ‐3.0884	 ‐27.288	 ‐37.390	
1A 	
3mkg 	 0.7736	 1.0620	 ‐5.2931	
Densidad,	  	 	 	 	 	
0d 	
3mkg 	 786.63	 773.80	 773.80	
1d 	
3mkg 	 73.275	 62.194	 ‐29.853	
2d 	
3mkg 	 0.7677	 24.102	 53.269	
3d 	
3mkg 	 1.5471	 2.1240	 ‐10.586	
AAD 	 %	 0.09	 0.09	 0.20	
























































	 Unidades	 Tol‐Met	 Tol‐Ch	 Met‐Ch	
Desviación	del	coeficiente	de	expansión	térmica,  	 	 	
0A 	 1310  K 	 0.1101	 0.0248	 0.3031	
1A 	 1310  K 	 ‐0.0541	 0.0219	 0.2712	
Coeficiente	de	expansión	térmica,	 	 	 	
0a 	 1310  K 	 1.1990	 1.2200	 1.2200	
1a 	 1310  K 	 ‐0.0610	 ‐0.0913	 0.5533	
2a 	 1310  K 	 0.0523	 ‐0.0906	 ‐1.1166	
3a 	 1310  K 	 ‐0.1082	 0.0438	 0.5423	








































	 Unidades	 Tol‐Met	 Tol‐Ch	 Met‐Ch	
Desviación	de	la	viscosidad	dinámica,  	 	
0A 	 smPa 	 0.0968	 ‐0.4973	 ‐0.4497	
1A 	 smPa 	 0.0051	 ‐0.1880	 ‐0.6628	
2A 	 smPa 	 ‐0.2037	 …	 ‐0.6039	
3A 	 smPa 	 0.2242	 …	 …	
Viscosidad	dinámica,  	 	 	
0 	 smPa 	 0.5470	 0.8990	 0.8990	
1 	 smPa 	 0.1334	 ‐1.0264	 ‐2.0684	
2 	 smPa 	 ‐0.6629	 1.0615	 5.4578	
3 	 smPa 	 2.4158	 ‐0.3761	 ‐6.1571	
4 	 smPa 	 ‐3.6697	 …	 2.4157	
5 	 smPa 	 1.7934	 …	 …	
AAD 	 %	 0.47	 0.88	 0.28	
	















Las	propiedades	 ópticas	 que	 se	 han	 determinado,	 están	 en	 la	Tabla	 4.	 8.	 Los	 índices	 de	




















  ,10/ 4 Tn 1K 	
,6.632 nm Cº25 	
 cn 
	
,6.632 nm Cº25 	
Tol‐Met	 0.00	 1.32638	 1.32788	 ‐4.0736	 0.1494	
	 0.135	 1.34699	 	 	 	
	 0.189	 1.35545	 1.35660	 ‐4.4071	 0.1559	
	 0.336	 1.37889	 1.37994	 ‐4.6722	 0.1610	
	 0.552	 1.41453	 1.41577	 ‐5.0346	 0.1684	
	 0.65	 1.43128	 1.43262	 ‐5.2025	 0.1718	
	 0.908	 1.47681	 1.47952	 ‐5.6081	 0.1807	
	 1.00	 1.49379	 1.49422	 ‐5.6743	 0.1838	
Tol‐Ch	 0.00	 1.42338	 1.42539	 ‐5.5045	 0.0505	
	 0.20	 1.43437	 1.43673	 ‐5.5266	 0.0578	
	 0.40	 1.44868	 1.44854	 ‐5.5444	 0.0651	
	 0.50	 1.45373	 1.45515	 ‐5.5512	 0.0688	
	 0.60	 1.46094	 1.46233	 ‐5.5676	 0.0724	
	 0.80	 1.47658	 1.47754	 ‐5.6099	 0.0797	
	 1.00	 1.49379	 1.49422	 ‐5.6743	 0.0870	
Met‐Ch	 0.00	 1.42338	 1.42539	 ‐5.5045	 ‐0.1207	
	 0.03	 1.41960	 1.42210	 ‐5.4646a	 ‐0.1194	
	 Rango	inmiscible	
	 0.7	 1.35193	 1.35276	 ‐4.5103	 ‐0.0885	
	 0.80	 1.34296	 1.34302	 ‐4.4117	 ‐0.0839	
	 0.90	 1.33445	 1.33525	 ‐4.2377	 ‐0.0793	
	 1.00	 1.32638	 1.32788	 ‐4.0736	 ‐0.0746	
aEste	valor	no	está	medido	experimentalmente,	está	determinado	mediante	las	ecuaciones	de	parametrización.	
Para	 determinar	 la	 variación	 del	 índice	 de	 refracción	 en	 función	 de	 la	 temperatura	
  cpTn , 	y	 de	 la	 concentración	   Tpcn , ,	 se	 deriva	 la	 expresión	 (3.	 9)	 en	 función	 de	 la	
temperatura	y	de	la	concentración.	Estos	factores	de	contraste,	se	han	medido	con	la	longitud	de	







contraste	   cpTn , 	y	   Tpcn , 	de	acuerdo	a	las	ecuaciones	(3.	10)	y	(3.	11).	
	 Unidades	 Tol‐Met	 Tol‐Ch	 Met‐Ch	
00a 	 	 1.3277	 1.4253	 1.4255	
01a 	 10‐1	 1.5036	 0.5054	 ‐0.1214	
02a 	 10‐2	 1.7096	 1.8328	 0.0230	
10a 	 10‐4	K‐1	 ‐4.0114	 ‐5.3688	 ‐5.3607	
11a 	 10‐4	K‐1	 ‐1.7065	 ‐0.1580	 1.2879	
12a 	 10‐6	K‐1	 5.0172	 ‐9.2603	 5.2481	
20a 	 10‐7	K‐2	 ‐2.2108	 ‐5.6373	 ‐5.7178	
21a 	 10‐7	K‐2	 ‐7.3737	 5.6630	 0.8857	
22a 	 10‐7	K‐2	 7.4218	 ‐2.0504	 2.3411	
	


























0 ,	 es	 la	permitividad	del	 vacío,	 AN ,	 es	 el	número	Avogadro,	 K ,	 es	 igual	 al	número	de	
componentes,	 kM ,	 es	 el	 peso	molar,	 kc ,	 es	 la	 fracción	másica	 del	 componente	 k 	y	 k ,	 es	 la	
polarizabilidad	 que	 se	 obtiene	 con	 la	 ecuación	 (4.	 9)	 aplicando	 los	 componentes	 puros.	 Los	














































































































concentraciones	donde	 el	 coeficiente	de	 termodifusión	 es	positivo.	 Por	 esta	 razón,	 es	 la	 única	























0.135	 10.6	 	 	
0.186	 8.6	 	 	
0.336	 7.71	 8.06	 	
0.500	 	 	 5.50	
0.552	 5.03	 4.14	 	
0.650	 3.45	 2.60	 3.20	




la	 fracción	másica	 de	 Tolueno	 aumenta,	 el	 coeficiente	 de	 termodifusión	 también	 aumenta.	 La	
diferencia	entre	los	coeficientes	de	termodifusión	de	esta	mezcla	y	los	datos	de	la	literatura	es	
mayor	que	 con	 lo	observado	en	 la	mezcla	Tol‐Met.	Esta	diferencia,	 se	debe	a	que	mediante	 la	
técnica	OBD	no	se	determina	el	coeficiente	de	termodifusión	de	 forma	directa	y	 los	valores	de	





























obtenidos	 mediante	 diferentes	 técnicas	 coinciden	 (Tabla	 4.	 12).	 Sin	 embargo,	 hay	 una	 ligera	
diferencia	 entre	 nuestros	 resultados	 y	 los	 valores	 de	 la	 literatura,	 especialmente	 para	
concentraciones	 másicas	 bajas	 de	 tolueno.	 Cuando	 comparamos	 los	 resultados	 con	 valores	











0.135	 2.87	 	 	
0.186	 2.49	 	 	
0.336	 1.93	 1.82	 	
0.500	 	 	 1.14	
0.552	 1.17	 1.023	 	
0.650	 0.82	 0.89	 0.89	


























































































concentración	 y	 que	 al	 aumentar	 la	 fracción	másica	 de	 Tolueno,	 el	 coeficiente	 Soret	 aumenta	
(Figura	4.	9).	La	mezcla	Tol‐Ch,	solo	se	ha	podido	analizar	mediante	 la	 técnica	OBD	porque	es	
negativa	en	todo	el	rango.	Es	de	señalar,	que	los	valores	de	la	literatura	coinciden	perfectamente	













0.135	 3.69	 	 	
0.186	 3.45	 	 	
0.336	 3.99	 4.44	 	
0.500	 	 	 4.82	
0.552	 4.32	 4.05	 	
0.650	 4.23	 2.60	 3.60	







































En	 la	Figura	4.	8	y	en	 la	Figura	4.	9,	se	muestran	 los	ajustes	de	 los	coeficientes	Soret,	de	
termodifusión	y	de	difusión	en	función	de	la	fracción	másica	de	Tol.	Estos	ajustes,	corresponden	
a	 los	 valores	 experimentales	 que	 se	 han	determinado	 en	 este	 trabajo	 y	 permiten	predecir	 los	
valores	 de	 los	 coeficientes	 de	 transporte	 en	 todo	 el	 rango	de	 concentraciones.	 En	 general,	 las	
























En	 la	 tercera	 fase	DCMIX3,	 se	 ha	 proyectado	 el	 análisis	 de	 las	mezclas	 binarias	 acuosas	





Componente	  3mkg 	  1310  K 	  sPa310 	  nmnD 3589. 	
TEG	 1119.745	 0.6916	 36.931	 1.453722	
Agua	 997.040	 0.2582	 0.837	 1.332394	
Etanol	 785.486	 1.0964	 0.981	 1.359121	
	





La	 primera	 mezcla	 binaria	 analizada	 compuesta	 por	 Agua‐Etanol,	 ha	 sido	 ampliamente	
estudiada	en	trabajos	anteriores	[24],	 [25],	 [64],	 [65],	 [100].	Este	sistema,	se	caracteriza	entre	




en	 este	 trabajo	 se	 ha	 estudiado	 el	 comportamiento	 del	 coeficiente	 de	 termodifusion	 en	 un	
intervalo	 de	 concentraciones	másicas	 de	 Agua	 del	 5.63%	 hasta	 50%	 utilizando	 el	 método	 de	
análisis	basado	sobre	la	medida	de	la	densidad.	



































Este	 comportamiento	 se	 ha	 reflejado	 también	 en	 los	 ensayos	 realizados.	 En	 todas	 las	
mezclas	 que	 se	 han	 estudiado,	 se	 han	 analizado	 la	 variación	 de	 la	 densidad	 y	 del	 índice	 de	
refracción	en	función	de	la	altura	de	la	columna.	En	la	Figura	4.	11,	se	puede	ver	que	para	la	mezcla	
Agua‐Etanol	 al	 24%	 de	 fracción	 másica	 de	 Agua,	 el	 índice	 de	 refracción	 no	 tiene	 un	
comportamiento	lineal	y	la	densidad	sí.	Esto	se	debe	a	que	el	índice	de	refracción	es	incapaz	de	
detectar	la	variación	de	la	concentración	en	el	estado	estacionario.	Para	concentraciones	de	Agua	












termodifusión	 se	 han	 determinado	 basándose	 en	 la	medición	 de	 la	 densidad.	 En	 total,	 se	 han	
analizado	 ocho	 mezclas	 binarias	 compuestas	 por	 Agua‐Etanol	 al	 0.0563,	 0.1032,	 0.15,	 0.24,	
0.3125,	0.336,	0.4079,	0.5	de	fracción	másica	de	Agua.	Todas	las	propiedades	termofísicas	y	los	
coeficientes	de	termodifusión	están	en	la	Tabla	4.	19	y	en	la	Tabla	4.	20	respectivamente.	
En	 la	 Figura	 4.	 12,	 se	 muestran	 los	 resultados	 obtenidos	 mediante	 la	 columna	
termogravitacional	 en	 comparación	 con	 los	 valores	de	 la	 literatura.	 En	 general,	 los	 resultados	
obtenidos	coinciden	con	los	valores	de	la	literatura	excepto	para	la	mezcla	del	24%	de	fracción	
másica	 de	 Agua.	 Esto	 se	 puede	 deber	 a	 la	 diferencia	 que	 hay	 entre	 los	 métodos	 de	 análisis,	


























0	 785.486	 	 1.096	 0.981	
0.0563	 801.815	 0.350	 1.087	 1.184	
0.1032	 814.734	 0.324	 1.077	 1.305	
0.15	 826.681	 0.307	 1.061	 1.440	
0.24	 849.208	 0.287	 1.025	 1.673	
0.3125	 866.574	 0.273	 0.983	 1.852	
0.336	 872.139	 0.271	 0.978	 1.898	
0.4079	 888.821	 0.260	 0.938	 2.040	
0.5	 910.085	 0.245	 0.885	 2.134	






























































0.00	 997.040	 0.837	 2.582	 1.332394	 	
0.05	 1004.240	 0.968	 2.808	 0.146	 1.338101	 4.32	
0.10	 1011.531	 1.229	 3.088	 0.150	 1.343920	 3.25	
0.20	 1027.095	 1.726	 3.740	 0.153	 1.356363	 1.84	
0.30	 1042.878	 2.454	 4.475	 0.154	 1.368899	 1.07	
0.50	 1074.318	 5.485	 1.395181	 	





dinámica,	 el	 índice	 de	 refracción	 y	 los	 factores	 de	 contraste	 de	 las	 mezclas	 binarias	







En	cuanto	a	 la	mezcla	Tol‐Ch	se	refiere,	 los	mejores	resultados	se	han	obtenido	para	 los	
coeficientes	Soret.	En	el	caso	de	la	difusión,	hay	diferencia	entre	los	valores	obtenidos	mediante	
las	técnicas	OBD	y	la	SST.	Esta	diferencia,	se	puede	deber	a	que	mediante	la	técnica	OBD	no	se	











acuerdo	 favorable	 entre	 las	 diferentes	 técnicas	 y	 valores	 de	 literatura	 existentes.	 Incluso,	 los	
resultados	obtenidos	de	 la	mezcla	Tol‐Ch	al	40%	de	fracción	másica	de	Tol,	se	han	comparado	
satisfactoriamente	con	los	resultados	obtenidos	en	condiciones	de	microgravedad.	











En	 el	 caso	 de	 las	 mezclas	 binarias	 compuestas	 por	 Agua‐Etanol	 existe	 un	 rango	 de	
concentraciones	donde	los	valores	  cn  	son	muy	pequeños	debido	al	cambio	de	signo	que	se	
da.	Esto	dificulta	 la	determinación	precisa	de	 los	coeficientes	de	 transporte	ya	que	 los	errores	





Este	 trabajo,	 se	 ha	 publicado	 en	 la	 revista	 Microgravity	 Science	 and	 Technology,	
“Thermodiffusion	coefficients	of	Water/Ethanol	mixtures	for	low	water	mass	fraction”	que	está	en	
los	anexos.	







































técnicas	 experimentales	 que	 permiten	 determinar	 los	 coeficientes	 de	 transporte	 en	 mezclas	
ternarias	en	condiciones	terrestres	y	en	microgravedad.	Para	llevar	a	cabo	este	proyecto,	se	han	
ido	diseñado	cuatro	fases	con	el	fin	de	analizar	diferentes	mezclas	ternarias.	
En	 la	 primera	 fase	 del	 proyecto	 DCMIX,	 se	 han	 analizado	 cinco	 mezclas	 ternarias	
compuestas	por	hidrocarburos	(THN‐IBB‐C12)	y	se	han	comparado	los	resultados	obtenidos	en	
condiciones	terrestres	con	los	obtenidos	en	condiciones	de	microgravedad.	Esto	por	su	parte,	ha	




propuesto	 en	 el	 proyecto	 DCMIX.	 Simultáneamente,	 se	 han	 determinado	 los	 coeficientes	 de	
difusión	de	las	mezclas	ternarias	compuestas	por	los	hidrocarburos	Metilnaftalina,	Tolueno	y	n‐
Decano.	 Estos	 resultados	 del	 coeficiente	 de	 difusión	 molecular	 han	 complementado	 los	 del	
coeficiente	de	termodifusión	obtenidos	durante	la	Tesis	Doctoral	de	Miren	Larrañaga	(2015)	y	






















En	 la	Tabla	5.	2,	 se	presentan	 la	densidad,	 la	expansión	másica	y	 la	viscosidad	dinámica	
correspondientes	 a	 la	 mezcla	 ternaria	 analizada.	 Estas	 propiedades	 son	 necesarias	 para	 la	





321 ccc  	  3mkg 	  1310  K 	  sPa310 	 nmnD 3589., 


























0.62‐0.31‐0.07	 785.344	 76.220	 ‐37.285	 1.31917	 0.17232	 0.09139	
	
5.1.1 Coeficiente	de	termodifusión	
El	 coeficiente	 de	 termodifusión	 se	 ha	 determinado	 mediante	 la	 técnica	 TGC.	 Para	
determinar	la	variación	de	concentración	de	cada	componente,	es	necesario	analizar	la	variación	
de	la	densidad	y	del	índice	de	refacción	en	función	de	la	altura	de	la	columna.	Al	analizar	estas	
variaciones,	 se	 ha	 observado	 que	 esta	 mezcla	 no	 llega	 a	 una	 separación	
termohidrodinámicamente	 estable.	 De	modo	 que,	 para	 asegurar	 el	 régimen	 de	 estabilidad	 de	
dicha	 mezcla,	 se	 han	 realizado	 varios	 ensayos	 con	 diferentes	 tiempos.	 En	 la	 Figura	 5.	 2,	 se	
muestran	las	variaciones	de	las	concentraciones	de	cada	componente.	Como	se	puede	observar,	












Incluso,	 se	 puede	 observar	 que	 las	 distribuciones	 de	 concentraciones	 son	muy	 débiles.	
Además,	el	componente	menos	denso	(Ch)	no	se	enriquece	en	la	parte	superior	de	la	columna,	es	
más,	se	concentra	en	la	parte	inferior.	Esta	distribución	de	los	componentes,	puede	ser	la	causa	de	






El	 coeficiente	 de	 difusión,	 se	 ha	 determinado	mediante	 la	 técnica	 SST.	 En	 el	 caso	de	 las	
















Ensayos	 Tol	 Met	 Ch	 Tubo	
Todos	varían	 0.57	 0.34	 0.09	 Superior	
0.67	 0.28	 0.05	 Inferior	
Met	constante	 0.57	 0.31	 0.12	 Superior	








ensayo,	 primero	 se	 calculan	 los	 coeficientes	 de	 difusión	 aproximados	 con	 todos	 los	 puntos	
















Los	 cuatro	 coeficientes	de	difusión	que	 se	han	determinado,	 están	en	 la	Tabla	5.	 5	para	







































31 cc  	 0.96±0.33	 ‐1.58±0.54	 ‐2.15±0.74	 20.83±7.12	
21 cc  	 2.54±0.87	 1.58±0.54	 ‐2.39±0.82	 5.02±1.72	







ji cc  	 D11>0	 D22>0	 det>0	 raíz>0	
31 cc  	 0.96·10‐9	 20.8·10‐10	 1.65·10‐18	 2.63·10‐18	
21 cc  	 2.54·10‐9	 5.02·10‐10	 1.65·10‐18	 2.63·10‐18	
23 cc  	 2.30·10‐9	 7.41·10‐10	 1.65·10‐18	 2.63·10‐18	
	

















































21 cc  experimental	 2.54	 1.58	 ‐2.39	 5.02	
21 cc  	calculado	 2.54	 1.58	 ‐2.40	 5.01	
Dif	 0.00	 0.03	 0.04	 0.22	
23 cc  	experimental	 2.30	 0.22	 2.39	 7.41	
23 cc  	calculado	 2.30	 0.22	 2.40	 7.40	









ji cc  	  smD /10ˆ 2101  	  smD /10ˆ 292  	
31 cc  	 7.08±2.42	 2.33±0.79	
21 cc  	 7.09±2.42	 2.33±0.79	











321 ccc  	 Separación	 Tiempo	de	ensayo	 Analizado	
0.15‐0.25‐0.60	 Positivo	 3	días	 Si	
0.33‐0.33‐0.33	 Positivo	 4	días	 Si	
0.60‐0.20‐0.20	 Positivo	 Más	de	un	mes	 No	
0.10‐0.75‐0.15	 Negativo	 	 No	














321 ccc  	  3mkg 	  1410  K 	 ).(, nmnD 3589 	  sPa310 	
0.15‐0.25‐0.60	 894.784	 9.474	 1.374107	 2.595	
0.33‐0.33‐0.33	 975.479	 8.239	 1.388027	 4.325	
	
Tabla	5.	11.	Parámetros	de	calibración	para	las	mezclas	ternarias	TEG‐Agua‐Etanol	a	25°C.	


















0.15‐0.25‐0.60	 1043.888	 14.175	 ‐258.715	 1.359430	 0.081870	 0.003968
0.33‐0.33‐0.33	 1041.023	 70.267	 ‐267.395	 1.349917	 0.098295	 0.016014
	































Miren	 Larrañaga	 en	 su	 Tesis	 Doctoral.	 Mediante	 la	 relación	 del	 coeficiente	 de	 termodifusión	
determinado	 en	 [102]	 y	 los	 valores	 presentados	 en	 este	 trabajo,	 se	 han	 determinado	 los	
coeficientes	Soret	de	las	tres	mezclas	analizadas.	
5.3.1 Coeficiente	difusión	
Los	coeficientes	de	difusión	 se	han	determinado	mediante	 la	 técnica	SST	 realizando	dos	
ensayos	independientes	como	se	ha	mencionado	antes.	Cuando	se	separan	los	tubos,	se	analiza	la	































0.20‐0.20‐0.60	 858.449	 116.517	 ‐139.869	 1.49168	 0.08672	 ‐0.08749	
0.20‐0.40‐0.40	 858.663	 131.649	 ‐148.250	 1.49162	 0.09914	 ‐0.09389	










Los	valores	de	 los	 cuatros	 coeficientes	de	difusión	y	 los	 valores	propios	de	 la	matriz	de	
difusión	de	las	tres	mezclas	analizadas,	están	en	la	Tabla	5.	14	y	en	la	Tabla	5.	15	respectivamente.	
Tabla	 5.	 14.	 Coeficientes	 de	 difusión	 molecular	 de	 las	 mezclas	 ternarias	 compuestas	 por	 Mn‐Tol‐nC10	
determinados	mediante	la	técnica	SST	a	25°C.	

































0.20‐0.20‐0.60	 1.36±0.32	 3.12±0.74	 3.29±0.79	 1.47±0.35	
0.20‐0.40‐0.40	 2.19±0.87	 11.25±4.5	 11.33±4.5	 2.40±0.95	




























de	 ensayo,	 se	 ha	 observado	 que	 esta	 mezcla	 ternaria	 no	 llega	 a	 estabilizarse	 en	 el	 estado	
estacionario.	 Además,	 el	 componente	 menos	 denso	 (Ch)	 migra	 hacia	 la	 parte	 inferior	 de	 la	
columna	provocando	 inestabilidades	 termohidrodinámicas.	Debido	a	 estas	 inestabilidades	que	
muestra	esta	mezcla	ternaria,	no	se	ha	podido	proporcionar	coeficientes	de	termodifusión	fiables.	
En	cuanto	al	coeficiente	de	difusión,	se	ha	utilizado	la	técnica	SST	para	determinar	los	cuatro	
























difusión	 de	 mezclas	 ternarias	 compuestas	 por	 Mn‐Tol‐C10.	 En	 la	 Tesis	 Doctoral	 de	 Miren	
Larrañaga,	se	determinaron	los	coeficientes	de	termodifusión	de	ocho	mezclas	ternarias.	De	modo	
que,	 el	 objetivo	 de	 este	 trabajo	 ha	 sido	 completar	 el	 estudio	 de	 estas	mezclas	 analizando	 los	
coeficientes	 de	 difusión	 para	 poder	 determinar	 el	 coeficiente	 Soret	 correspondiente.	 Hasta	 la	






























En	 las	 últimas	 décadas,	 los	 métodos	 de	 análisis	 basados	 en	 sistemas	 ópticos	 han	 ido	





Como	 ahora	 el	 reto	 está	 en	 el	 análisis	 de	 las	mezclas	 ternarias,	 se	 han	 adaptado	 varias	
técnicas	 experimentales	 para	 poder	 determinar	 los	 coeficientes	 de	 transporte	 en	 mezclas	














lo	 largo	 de	 la	 altura	 de	 la	 columna.	 Sin	 embargo,	 la	 precisión	 de	 la	 determinación	 de	 la	
concentración	vertical,	no	era	tan	buena	porque	analizaba	solo	dos	puntos	a	lo	largo	de	toda	la	
altura.	



















en	 la	 empresa	 Denatek	 Engineering	 and	 Manufacturing	 Technologies	 con	 las	 mismas	
características	 que	 la	 pieza	 anterior	 excepto	 el	 gap.	 Sin	 duda	 alguna,	 el	 gap	 es	 la	 parte	 más	
importante	de	la	micro‐columna	y	a	la	vez	es	la	más	difícil	de	mecanizar.	Resulta	fundamental,	
conocer	con	exactitud	esta	dimensión	porque	el	coeficiente	de	termodifusión	está	relacionado	a	
la	anchura	del	gap  xL 	elevado	a	la	cuarta.	Por	eso,	después	de	mecanizar	esta	pieza	con	la	mayor	
precisión	posible,	se	ha	verificado	la	dimensión	del	gap	mediante	MITUTOYO	CRYSTA	APEX	S‐












determinado	las	dimensiones	generales	del	gap	que	tiene	la	nueva	pieza	central:	 mmLz 30 	de	











longitudes	de	onda,	el	Diode‐Pumped	cuya	longitud	de	onda	es	  nm470 	de	(Spectra‐Physics)	
























función	del	diámetro	del	haz	inicial	 1D 	y	la	longitud	de	onda	  	del	láser,	las	distancias	focales	del	
aspheric	 lens	y	 el	 collimating	 lens	 21, ff 	y	 también	 del	 diámetro	 del	 haz	 expandido	 2D 	que	 se	
quiera	conseguir.	Los	diámetros	de	los	haces	iníciales	de	esta	instalación,	son	 mmDazul 3301 . 	y	
mmDrojo 7001 . .	Para	expandir	los	dos	haces	hasta	conseguir	un	diámetro	de	aproximadamente	
mmD 402  ,	se	han	utilizado	dos	aspheric	lens	cuya	distancia	focal	es	 mmf 131 . 	por	lo	que,	de	
acuerdo	 a	 las	 ecuaciones	 de	 trabajo	 (6.	 1),	 se	 han	 calculado	 que	 las	 distancias	 focales	 de	 los	
collimating	lenses	que	deben	tener	aproximadamente	 mmf azul 763752 . 	y	 mmf
rojo 141772 . 	y	los	


























interferómetro	Mach‐Zehnder	 (Figura	6.	6	a).	La	 función	de	este	 interferómetro,	 es	dividir	 los	
rayos	del	láser	en	dos	haces	de	igual	intensidad	con	un	ángulo	de	90°	y	después	volver	a	unirlos	







reflejan	 en	 los	 espejos	 e	 interfieren	 en	 el	 segundo	 beam	 splitter,	 creando	 así	 el	 patrón	 de	













































se	aplica	un	gradiente	de	 temperatura	de	8°C	y	 se	 incrementa	 la	 frecuencia	de	adquisición	de	
imágenes	 para	 representar	 mejor	 la	 variación	 de	 la	 fase	 en	 el	 tiempo.	 Como	 la	 variación	 de	
concentración	justo	después	de	aplicar	el	gradiente	es	mayor,	la	adquisición	de	imágenes	se	divide	
en	 tres	etapas.	Al	principio,	 se	 adquieren	 imágenes	 cada	2	minutos	durante	36	minutos,	 en	 la	
segunda	etapa	se	adquieren	cada	6	minutos	durante	72	minutos	y	al	final,	cada	12	minutos	hasta	
que	la	mezcla	llega	al	estado	estacionario.	Las	mezclas	que	se	han	analizado	en	esta	Tesis	Doctoral,	





























































































gradiente	térmico	de	 CT 8 en	la	mezcla	THN‐C12	al	50%	de	fracción	másica	de	THN;	a)	variación	total	de	
la	fase	con	 nm470 ,	b)	variación	de	la	concentración	con	 nm470 .	
Por	último,	se	representa	la	variación	de	concentración	en	función	de	la	altura	de	la	micro‐
columna	(Figura	6.	11)	para	obtener	una	regresión	lineal.	Con	la	pendiente	de	la	regresión	lineal	

































































































































Para	 validar	 este	 método	 de	 análisis,	 se	 han	 analizado	 las	 tres	 mezclas	 binarias	 del	
Benchmark	de	Fontainebleau	que	han	sido	ampliamente	caracterizadas	(THN‐IBB‐C2	al	0.50).		
6.3.1 Mezclas	binarias	
Para	 validar	 el	 método	 de	 análisis	 Digital	 Interferometry	 aplicado	 a	 la	 micro‐columna	
termogravitacional,	se	han	analizado	las	mezclas	binarias	equimásicas	compuestas	por	THN‐IBB‐
C12	 del	 Benchmark	 Fontainebleau.	 En	 los	 ensayos	 realizados,	 se	 ha	 aplicado	 un	 gradiente	 de	
temperatura	de	8°C	tal	y	como	se	ha	mencionado	antes.	En	las	mezclas	binarias,	como	hay	solo	














	 405	nm[48]	 633	nm[48]	 470	nm(calculado)	
THN‐IBB	 0.0601	 0.0547	 0.0577	
THN‐C12	 0.1337	 0.1155	 0.1258	
IBB‐C12	 0.0758	 0.0625	 0.0700	
	
La	Tabla	6.	2,	la	Tabla	6.	3	y	la	Tabla	6.	4,	muestran	las	pendientes	de	las	regresiones	lineales	






















Ensayo	1	 ‐2.124	 5.53	 ‐2.070	 5.39	
	
Ensayo	2	 ‐2.264	 5.90	 ‐2.177	 5.66	
Ensayo	3	 ‐2.304	 5.99	 ‐2.275	 5.92	
Ensayo	4	 ‐2.260	 5.88	 ‐2.180	 5.68	
Ensayo	5	 ‐2.299	 5.99	 ‐2.212	 5.76	 	




























Ensayo	1	 ‐1.062	 3.27	 ‐1.010	 3.11	
	
Ensayo	2	 ‐0.801	 2.46	 ‐0.794	 2.44	
Ensayo	3	 ‐0.844	 2.60	 ‐0.804	 2.68	
Ensayo	4	 ‐1.062	 3.27	 ‐0.983	 3.03	
Ensayo	5	 ‐0.937	 3.03	 ‐0.984	 2.89	 	
Ensayo	6	 ‐0.902	 2.78	 ‐0.877	 2.70	 	






















Ensayo	1	 ‐1.079	 3.82	 ‐1.022	 3.61	
	
Ensayo	2	 ‐0.994	 3.52	 ‐0.987	 3.49	
Ensayo	3	 ‐1.209	 4.28	 ‐1.094	 3.87	
Ensayo	4	 ‐1.123	 3.98	 ‐1.074	 3.80	
Ensayo	5	 ‐1.146	 4.06	 ‐1.112	 3.94	
Ensayo	6	 ‐1.071	 3.79	 ‐0.988	 3.49	
Media	 ‐1.104	 3.91	 ‐1.046	 3.70	 3.7±0.2	
	
Estos	resultados,	muestran	buen	acuerdo	en	comparación	con	los	valores	del	Benchmark	








La	 determinación	 del	 coeficiente	 de	 termodifusión	 en	mezclas	 ternarias,	 es	mucho	más	




analizar	 mezclas	 ternarias	 además	 de	 las	 binarias.	 Así,	 la	 primera	mezcla	 ternaria	 que	 se	 ha	
analizado	 en	 la	 micro‐columna	 termogravitacional	 mediante	 sistemas	 ópticos	 ha	 sido	 la	







 THNcn  470 	 0.1567	
 IBBcn  470 	 0.0982	
 THNcn  633 	 0.1439	






















   THNzc ‐2.734	 ' ,THNTD 16,43	
   IBBzc 2,959	 ' ,IBBTD ‐17,79	













   THNzc ‐2.802	 ' ,THNTD 16,84	
   IBBzc 3.037	 ' ,IBBTD ‐18.25	

















   THNzc ‐2.325	 ' ,THNTD 13.98	
   IBBzc 2.575	 ' ,IBBTD ‐15.48	

















   THNzc ‐2.715	 ' ,THNTD 16.32	
   IBBzc 2.874	 ' ,IBBTD ‐17.28	













   THNzc ‐2.584	 ' ,THNTD 15.53	
   IBBzc 2.709	 ' ,IBBTD ‐16.28	














tan	buenas	por	 lo	que	puede	ser	 la	 causa	de	 la	diferencia.	La	diferencia	de	 la	magnitud	de	 los	
coeficientes	de	termodifusión	puede	deberse	a	la	precisión	de	los	factores	de	contraste,	puesto	




A	 la	 vista	 de	 los	 resultados	 obtenidos,	 no	 cabe	 duda	 de	 que	 todavía	 hay	 que	 seguir	
trabajando	 en	 la	 determinación	 de	 los	 coeficientes	 de	 termodifusion	 mediante	 la	 instalación	













Para	 validar	 este	 nuevo	 método	 de	 análisis,	 se	 han	 estudiado	 las	 mezclas	 binarias	
equimásicas	 compuestas	 por	 THN‐IBB‐C12	 del	 Benchmark	 Fontainebleau.	 Los	 coeficientes	 de	








































De	 acuerdo	 con	 los	 objetivos	 definidos	 en	 esta	 tesis	 doctoral,	 se	 han	 determinado	 los	
coeficientes	 Soret,	 de	 termodifusión	 y	 de	 difusión,	 además	 de	 las	 propiedades	 termofísicas	 y	
ópticas	necesarias	para	 las	diferentes	mezclas	binarias	y	 ternarias	analizadas.	En	este	 trabajo,	
principalmente	se	han	analizado	las	mezclas	de	las	fases	DCMIX2	y	DCMIX3.	








La	mezcla	binaria	Tol‐Met,	es	 la	única	con	 la	que	se	ha	podido	analizar	el	 coeficiente	de	
termodifusión	de	forma	directa	mediante	 la	técnica	TGC,	puesto	que	el	coeficiente	Soret	de	las	
otras	 dos	 mezclas	 binarias	 es	 negativo	 en	 todo	 el	 rango	 de	 concentraciones.	 Los	 resultados	
obtenidos,	muestran	 buen	 acuerdo	 entre	 diferentes	 técnicas	 experimentales	 e	 incluso	 con	 los	
valores	 de	 la	 literatura	 [59].	 Solamente	 hay	 una	 ligera	 diferencia	 a	 concentraciones	 bajas	 de	
Tolueno.	Esta	ligera	diferencia,	también	se	refleja	en	el	coeficiente	de	difusión.	En	comparación	a	
los	 resultados	numéricos	 [98],	hay	diferencias	en	ambos	extremos	de	 las	 concentraciones.	 Sin	














Para	el	caso	de	 la	mezcla	 ternaria	Tol‐Met‐Ch	al	62%‐31%‐7%	de	 fracción	másica,	se	ha	
observado	 que,	 en	 el	 estado	 estacionario	 de	 esta	 mezcla	 no	 es	 estable	 bajo	 el	 efecto	
termogravitacional,	 ya	 que	 el	 componente	 menos	 denso	 (Ch)	 migra	 a	 la	 zona	 inferior	 de	 la	
columna.	 De	modo	 que,	 no	 se	 han	 podido	 presentar	 valores	 del	 coeficiente	 de	 termodifusión	
fiables.	 En	 cuanto	 al	 coeficiente	 de	 difusión	 se	 refiere,	 se	 ha	 utilizado	 la	 técnica	 SST	 para	
determinar	los	cuatro	coeficientes	de	difusión	y	los	valores	propios	de	la	matriz	de	difusión.	Para	
poder	determinar	estos	valores,	se	ha	calculado	que	el	tiempo	de	ensayo	no	puede	exceder	de	55	





























Tesi	 honetan	 ezarritako	 helburuekin	 bat,	 hainbat	 nahasketa	 bitar	 eta	 hirutarren	 Soret,	





Bruxelles‐ko	 Prof.	 Shevtsovaren	 taldeekin	 elkarlanean	 neurtu	 dira.	 Elkarlan	 honi	 esker,	 Estela	
















Tol‐Met‐Ch	 nahasketa	 hirutarrari	 dagokionez,	 %62‐%31‐%7‐ko	 frakzio	 masikoa	 duen	
nahasketak	 neurtze	 denbora	 gainditzen	 duenean	 ere,	 nahasketa	 egoera	 egonkorrera	 ez	 de	 la	
iristen	delaikusi	da,	dentsitate	baxuena	duen	osagaia	(Ch)	zutabearen	beheko	aldera	mugitzen	
delako.	 Horregatik,	 ezin	 izan	 da	 termodifusio	 koefiziente	 fidagarririk	 aurkeztu.	 Difusio	
koefizienteari	 dagokionez	 berriz,	 SST	 teknikarekin	 lau	 koefizienteak	 eta	 matrizaren	 berezko	





kalkulatu	 da	 lehenik,	 izan	 ere	 denbora	 hori	 gaindituz	 gero,	 error	 function‐en	 oinarritutako	
ekuazioak	ez	du	kontzentrazio	profila	ondo	errepresentatzen.	
Bestalde,	 DCMIX3‐ko	 Ura‐Etanola	 eta	 TEG‐Urez	 osaturiko	 12	 nahasketa	 bitarren	












Azkenik,	 Prof.	 Shevtsovaren	 taldearen	 elkarlanari	 esker,	Digital	 Interferometry	 metodoa	
ezarri	 zaio	mikro‐zutabe	 termograbitazionalari.	Metodo	 honek,	 nahasketa	 bitar	 eta	 hirutarren	










Binary	 mixtures	 of	 DCMIX2,	 have	 been	 determined	 in	 collaboration	 with	 Prof.	 Köhler’s	
group	from	Universität	Bayreuthand	Prof.	Shevtsova’s	group	from	Microgravity	Research	Center	



















In	 Met‐Ch	 mixtures,	 we	 have	 measured	 the	 diffusion	 coefficient	 in	 both	 sides	 of	 the	
miscibility	gap	and	results	coincide	with	literature	results	[61].	
In	case	of	ternary	mixtures,	we	have	analyzed	Tol‐Met‐Ch	mixture	at	62%‐31%‐7%	of	mass	
fraction.	 We	 have	 observed,	 that	 in	 steady	 state	 this	 mixture	 is	 not	 stable	 under	
thermogravitational	effect	because	the	less	dense	component	(Ch)	migrates	to	the	bottom	part	of	
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Abstract The difficulty of measuring the thermodiffusion
coefficients by optical properties of water-ethanol binary
mixtures of approximately 20 wt % of water has been
highlighted by several authors in recent years. This is
because the concentration derivative of the refractive index
(∂n/∂c)p,T is near zero at this concentration. For this
reason, we measured the thermodiffusion coefficients by
means of density analysis using the thermogravitational col-
umn technique from 5 wt % to 50 wt % at 25◦C. In addition,
we measured the thermophysical properties such as density,
dynamic viscosity, thermal expansion and mass expansion.
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Introduction
The presence of a temperature gradient in a mixture creates
a separation of the concentration of the components in that
mixture. This phenomenon is known as the Ludwig-Soret
effect or the thermodifussive effect. The Soret coefficient
is used to quantify this phenomenon. In the case of binary
mixtures, this coefficient can be obtained by the relationship
between the concentration difference c, the temperature
difference T and the initial concentration of the reference
component c0.
ST = − 1




In recent years, interest in mass transfer mechanisms in
multicomponent mixtures under a temperature gradient has
been increasing. This is because of the relevance of this
phenomenon in different fields such as biology (Bahat and
Eisenbach 2006; Bonner and Sundelöf 1984; Braun and
Libchaber 2004), methods of separation (Furry et al. 1939;
Platten et al. 2003), optimization of separation processes
in microdevices (Martin et al. 2011) and in the petroleum
industry (Ghorayeb et al. 2003; Montel 1994).
Over time, several techniques have been developed to
analyse this phenomenon. Some of the techniques are used
in ground conditions: the Optical Digital Interferometry
(Mialdun and Shevtsova 2011), the Optical Beam Deflec-
tion (Gebhardt et al. 2013), the Thermal Diffusion Forced
Rayleigh Scattering (Wittko and Köhler 2003), the Thermo-
gravitational Column (Bou-Ali et al. 1998) and the Sliding
Symmetric Tubes (Larrañaga et al. 2014). In addition, the
Selectable Optical Diagnostic Instrument technique (SODI)
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(Mialdun et al. 2013) is used in microgravity conditions in
the International Space Station (ISS) in order to confirm the
ground condition results.
In this context, the DCMIX project was established
(Diffusion Coefficients Measurements in Ternary Mix-
tures). The main objective of this project is to study
the thermodiffusion effect in multicomponent mixtures.
The project is divided into different phases to anal-
yse different ternary mixtures. The first one (DCMIX1),
analysed mixtures composed of hydrocarbons such as
1,2,3,4-tetrahydronaphthalene (THN), dodecane (C12) and
isobutylbenzene (IBB). The results of one ternary mixture of
DCMIX1 were established as a Benchmark (Bou-Ali et al.
2015). The second phase DCMIX2, is measuring mixtures
composed of toluene, methanol and cyclohexane. These
particular mixtures, are characterized as being critical
because in some ranges of concentrations there is an inmis-
cibility gap and the Soret coefficients are negative (Bou-Ali
et al. 2000; Sechenyh et al. 2012; Story and Turner 1969;
Wittko and Köhler 2006, 2005). The third phase, DCMIX3,
is focused on analysing aqueous mixtures, such as water,
ethanol and triethylene-glycol ternary mixtures, and is the
subject of this paper.
In the phases DCMIX1, DCMIX2 and DCMIX3, binary
mixtures and ternary mixtures were analysed. In fact, in
DCMIX1 Larrañaga et al. determined new correlations to
predict the thermodiffusion (DT) and Soret (ST) coefficient
of ternary mixtures from binary mixtures (Larrañaga et al.
2015). In addition, Sechenyh et al. found expressions for the
diffusion matrix of a ternary mixture approaching the binary
limits (Sechenyh et al. 2015). In DCMIX2, the thermodif-
fusion, molecular diffusion and Soret coefficients of binary
mixtures were analysed (Lapeira et al. 2015).
Each of the abovementioned studies, highlight the impor-
tance of analysing the corresponding binary mixtures in
each DCMIX phase.
In this work, the analysis of water-ethanol binary mix-
tures from DCMIX3 is presented. These mixtures have been
widely studied in literature by different authors (Dutrieux
et al. 2002; Kolodner et al. 1988; Mialdun and Shevtsova
2008; Wiegand et al. 2007; Zhang et al. 1996). In the water-
ethanol system the contrast factor (∂n/∂c)p,T is near zero at
approximately 20 wt % of water. For this reason, the sensi-
tivity is very low at these concentrations, making it difficult
to determine the transport coefficients (ST, D, DT) accu-
rately by optical analysis (Kita et al. 2004; Königer et al.
2009).
Due to this problem, we studied the behavior of the ther-
modiffusion coefficient by means of density analysis of
water-ethanol binary mixtures from 5.63 wt % to 50 wt %
of water.
This article is organized as follows: in Section “Exper-
imental Analysis”, the determination of thermophysical
properties and the thermodiffusion coefficient mea-
sured using the thermogravitational column technique are
explained. In Section “Results and Discussion”, the results
of the thermophysical properties and the thermodiffusion
coefficients are shown. Finally, Section “Conclusions” out-
lines the conclusions.
Experimental Analysis
Determination of Thermophysical Properties
For the determination of the thermodiffusion coefficient
using thermogravitational column technique, it is necessary
to know some thermophysical properties such as density,
viscosity, thermal expansion and mass expansion.
The preparation of the sample was made with the preci-
sion Gram VXI-310 balance with an accuracy of ± 0.0001g.
The denser component was added first, followed by the
second component. The density (ρ) was measured by the
Anton Paar DMA 5000 density meter with an accuracy of
















analysed using the same density meter. The thermal expan-
sion coefficient was determined by analysing the density of
one sample at different temperatures. To measure the mass
expansion, we prepared 5 samples with a slight difference of
concentration and measured the density of each concentra-
tion. Dynamic viscosity (μ) was measured by two devices,
the Anton Paar AMVn falling ball microviscometer with
an accuracy of ± 0.002s, and the manual Haake viscometer
with an accuracy of ± 0.2s.
Determination of Thermodiffusion Coefficient DT
The thermodiffusion coefficient measurements were per-
formed using the thermogravitational column technique
(Bou-Ali et al. 1998). In this technique, a horizontal temper-
ature gradient is applied which creates a vertical separation
of the concentration. When the mixture reaches the station-
ary state, 5 samples are extracted at different heights of







Where, (∂c/∂ρ)p,T is defined in a previous calibration,
(∂ρ/∂z)p,T is the variation of the density along the length of
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Fig. 1 Variation of density
along the length of column of
water-ethanol binary mixture at
31.25 wt % of water at steady
state
the column (Fig. 1) and Lz = (98.0 ± 0.1) cm is the height
of the long column.
Finally, having measured the thermophysical properties
the thermodiffusion coefficient was determined by the fol-
lowing equation (Bou-Ali et al. 1998),






α · g · ρ
μ
c (3)
Lx = (0.102 ± 0.0005) cm is the gap of the column, c0is
the concentration of the reference component and g is the
gravity.
Results and Discussion
There are works in the literature that mention the dif-
ficulty of measuring the thermodiffusion coefficients of
water-ethanol binary mixtures by analysing the refractive
index (Kita et al. 2004; Königer et al. 2009). When the
water mass fraction is approximately 20 wt %, the con-
centration derivative of the refractive index (∂n/∂c)p,T
undergoes a sign change, and therefore the optical measure-
ment sensitivity is reduced considerably and the errors bars
increase.
Consequently, we measured the thermodiffusion coef-
ficient by analysing the density. We deduced that the
Fig. 2 Density and refractive
index (λ =589.3nm) of
water-ethanol binary mixtures as
a function of water mass
fraction at 25◦C
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Fig. 3 Thermodiffusion
coefficients (DT ) of
water/ethanol as a function of
mass fraction of water at 25ºC
(This work) compared to A.
Königer et al. at 25◦C (Königer
et al. 2009), P. Kolodner et al. at
25◦C (Kolodner et al. 1988), K.
J. Zhang et al. at 25◦C (Zhang
et al. 1996), S. Wiegand et al. at
25◦C (Wiegand et al. 2007), A.
Mialdun et al. at 22.5◦C
(Mialdun and Shevtsova 2008),
J. F. Dutrieux et al. at 22.5◦C
(Dutrieux et al. 2002), M. M.
Bou-Ali 25◦C (Bou-Ali et al.
1999) and R. Kita at 22◦C (Kita
et al. 2004)
concentration derivative of the density is highly sensitive in
this range of concentrations, see Fig. 2.
The thermodiffusion coefficients we obtained of water-
ethanol binary mixtures are compared with the literature
data in Fig. 3. There we can observe that there is quite
good agreement between values near 50 wt % of water.
Nevertheless, for 10.32 wt % of water, there is a marked
difference between our results and those of (Königer et al.
2009). This difference might be because the measurements
were based on different analysis methods: density analysis
in the case of our research and refractive index analysis in
the case of Königer.
Table 1 shows the values of all DT coefficients and ther-
mophysical properties measured at 25◦C. For this specific
binary mixture at this range of concentrations, we think it is
better to measure using the density analysis.
Table 1 Thermodiffusion coefficients values of analysed binary mix-
tures at 25◦C
c (10−12) DT ρ β (10−3) α μ
water (m2s−1K−1) (kg · m−3) (K−1) (mPa · s)
0.0563 3.69 ± 0.17 801.815 0.350 1.087 1.184
0.1032 3.28 ± 0.13 814.734 0.324 1.077 1.305
0.15 2.94 ± 0.11 826.681 0.307 1.061 1.440
0.24 2.46 ± 0.08 849.208 0.287 1.025 1.673
0.3125 2.39 ± 0.08 866.574 0.273 0.983 1.852
0.336 2.28 ± 0.08 872.139 0.271 0.978 1.898
0.4079 2.31 ± 0.08 888.821 0.260 0.938 2.040
0.50 1.77 ± 0.07 910.085 0.245 0.885 2.134
Conclusions
Using the thermogravitational column technique based on
density analysis, the present study provides additional val-
ues of thermodiffusion coefficients of water-ethanol binary
mixtures in the low water mass fraction range.
The results of this work at low water mass fractions
have good agreement with the literature data except the
10.32 wt % of water. This might be because the literature
values were based on refractive index analysis, while our
results were based on density analysis. For this mixture,
the sensitivity of the concentration derivative of the refrac-
tive index (∂n/∂c)p,T is very low thus the authors believe
it is more accurate to analyse density instead of refractive
index.
Until now, there has been a lack of reliable results in the
range of concentrations for low water mass fractions. This
research can serve as a base for future studies to determine
the DCMIX3 ternary mixtures from binary mixtures.
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We report on the measurements of diffusion (D), thermodiffusion (DT ), and Soret (ST ) coefficients
in binary pairs of the ternary system toluene-methanol-cyclohexane using different instrumental
techniques: microgravity measurements (SODI/DCMIX2) on the International Space Station, ther-
mogravitational column in combination with sliding symmetric tubes, optical beam deflection, optical
digital interferometry, and counter flow cell. The binary systems have large regions where the mixtures
are either not miscible or the Soret coefficient is negative. All the coefficients have been measured
over a wide composition range with the exception of a miscibility gap. Results from different instru-
ments and literature data are in favorable agreement over a broad composition range. Additionally,
we have carefully measured the physical properties and the optical contrast factors (∂n/∂c)p,T and
(∂n/∂T )p,c. The latter ones were also calculated using the Looyenga equation. The measurements in
methanol-cyclohexane mixture revealed a decay of the diffusion coefficient when approaching the
miscibility gap. We have interpreted this in the spirit of the pseudospinodal concept. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4977078]
I. INTRODUCTION
The mass transport caused by a temperature gradient
influences many properties and processes in multicomponent
systems. During recent years, the focus of research on these
transport mechanisms, which is known as thermodiffusion,
thermal diffusion, or the Soret effect, has been extended from
binary to ternary mixtures, which are significantly more dif-
ficult to examine.1,2 Besides the purely scientific interest in
the underlying mechanisms, research is motivated by a num-
ber of phenomena of practical relevance. The prediction of
mass transfer processes in systems of industrial interest greatly
relies on the knowledge of the diffusion and thermodiffusion
coefficients, which appear in the equations modeling these
phenomena. Recently, several techniques have been devel-
oped for the measurement of diffusion and thermodiffusion
coefficients in ternary fluid mixtures. Other than for binary
mixtures, where reliable measurements are done on a routine
basis, the results reported so far for ternary mixtures do not
provide consistent estimates of the Soret3–6 and diffusion3,7–9
coefficients. There are subtle issues in connection with
experimental and mathematical challenges. Besides, in the
laboratory tests even in theoretically stable configurations





Microgravity conditions provide an ideal environment
for the investigation of transport processes in the absence of
convection. Mass diffusion effects are typically slow and
require long microgravity time, which can be offered only by
the International Space Station (ISS). There, thermodiffusion
experiments can be conducted inside the SODI (Selected Opti-
cal Diagnostic Instrument) in binary10 and ternary mixtures11
by using both one- and two-color interferometry.
In the framework of the DCMIX (Diffusion Coeffi-
cients in MIXtures) project, measurements onboard the ISS
have already been performed for two ternary systems in
course of the DCMIX1 and the DCMIX2 campaigns. In
DCMIX1, hydrocarbons (tetralin, isobutylbenzene, and n-
dodecane, THN-IBB-C12)6,12 and in DCMIX2, a ternary mix-
ture with a miscibility gap,13,14 a consolute critical point, and
a large composition range with negative Soret coefficients
(toluene-methanol-cyclohexane, Tol-Meth-Ch) have been
studied.
One composition of the DCMIX1 mixtures, THN/IBB/C12
with 0.8/0.1/0.1 mass fractions, was selected for a benchmark
campaign.6 The choice of this particular composition resulted
from the requirement of an acceptable condition number of
the contrast factor matrix. The benchmark results once again
demonstrated that the extraction of six independent parameters
from the measured signals, i.e., two Soret and four diffusion
coefficients, is by no means straightforward. In order to per-
form a systematic study of a ternary mixture, in particular the
precise knowledge of the coefficients along the binary limits
is important. For the DCMIX1 system THN-IBB-C12, a study
of the binary limits has recently been reported.15 Here, we
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FIG. 1. Map of toluene-methanol-cyclohexane mixture in mass fractions. The
symbols indicate the compositions for which transport coefficients have been
measured.
present the corresponding study for the binary mixtures of the
DCMIX2 system Tol-Meth-Ch.
The data presented in this work cover a wide range
of compositions as shown in Fig. 1. They have been mea-
sured on ground by different techniques in the participating
laboratories. The coefficients of one particular composition
(Tol/Ch–0.4/0.6) were measured in the DCMIX2 experiment
onboard the ISS at different mean temperatures.14 The exper-
imental techniques employed by the three participating lab-
oratories are the thermogravitational column (TGC) and the
sliding symmetric tubes (SST) technique (UM, University
of Mondragon, Spain); optical beam deflection (OBD) (UB,
University of Bayreuth, Germany); optical digital interferom-
etry (ODI) and counter flow cell (CFC) (ULB, University of
Brussels, Belgium). The experimental technique used in the
microgravity experiment DCMIX2 is similar but not identi-
cal to the ODI technique developed in Brussels. The num-
ber of inputs from the various methods is different as the
systems with negative Soret coefficient could only be mea-
sured by OBD and on the ISS. The physical properties of
the mixtures such as density, viscosity, refractive indices,
and contrast factors were measured in addition to the trans-
port properties of the mixtures. The complete set of reliable
data will also provide a valuable contribution for the research
aimed at hydrodynamic or double-diffusive instability in these
mixtures.
This paper is organized as follows: Section II presents
a short description of all employed experimental techniques.
Section III reports on the results and discussion of the mea-
surements of contract factors and transport coefficients and
the comparison with literature data. Finally, the conclusions
are drawn in Section IV.
II. EXPERIMENTAL TECHNIQUES
Among the setups employed in this study, only the SODI
in the DCMIX-configuration for the binary mixture has not yet
been presented. The previously used ground experiments will
only briefly be described and details can be found elsewhere.16
We begin our description with the SODI and compare it to the
ODI setup used on ground.
A. Optical digital interferometry (ODI):
The microgravity and laboratory instruments
A unique feature of the ODI method is that it traces the
transient path of the system over the entire two-dimensional
cross section of the cell. In the setup on the ISS, five Soret
cells with ternary mixtures of different compositions (primary
cells) and one cell with the reference binary mixture (com-
panion cell) are integrated into a one-piece structure, which is
called the cell array. All cells are identical, they are transparent
with inner dimensions of Lµg ×Wµg ×Hµg = 10× 10× 5 mm3.
Here L is the path that the beam passes through in the liquid
volume, W is the width of the cell, and H is the diffusion
path, i.e., the distance between the working surfaces of the
plates; the subscript µg stands for microgravity. The glass
frame is clamped from the top and the bottom in between
two copper blocks that are thermally stabilized by Peltier
elements, which maintain a temperature gradient across the
cell. The cross-section of a cell is shown in Fig. 2(a). The
cell array is part of the SODI which is equipped with a
two-wavelength (670 nm and 935 nm) Mach-Zehnder inter-
ferometer to spatially resolve the concentration distribution
within the cell. In the DCMIX2 experiment, the binary cell
is filled with the mixture Tol/Ch (0.4/0.6), for which only a
red laser diode emitting at λ = 670 nm wavelength is used.
In total 11 experimental runs were conducted in the binary
cell at different mean temperatures ranging from 293.15 K up
to 307.15 K. The temperature difference applied across the
cell was ∆T = 5 K (i.e., 1 K/mm) with a typical stability
of ±0.02 K. The resolution of the imaging system is about
150 pixels/mm.
FIG. 2. (a) Cross-section of the cell
used in microgravity. (b) Cross-section
of the cell used in the laboratory.
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A laboratory setup for the measurement of the Soret effect
by optical digital interferometry (ODI) has been developed
at ULB.17,18 The cell has inner dimensions of Lg ×Wg ×Hg
= 18× 18× 6.06 mm3 (the subscript g means ground labora-
tory) and is custom made from optical quality fused silica
with a wall thickness of 2 mm. Similar to the micrograv-
ity cell, a rectangular glass frame is clamped between two
nickel-plated copper blocks with special indium seals. The
use of these seals allows to avoid problems from lateral heat
fluxes in the experimental cell. The cross-section of one cell
is shown in Fig. 2(b). Each copper block is thermostabilized
by Peltier elements driven independently by PID controllers,
which allow for a temperature stability of ±0.002 K. The tem-
perature gradient applied across the cell was close to 1 K/mm
in all measurements.
In spite of the same type of probing (Mach-Zehnder inter-
ferometer), the instruments have many specific features. In the
SODI instrument, a phase-shifting technique is employed to
determine the phase difference between the probe and the ref-
erence beam using five successive fringe images. Each image is
acquired at a particular value of the laser diode driving current.
The stepwise variation of the laser current provides the wave-
length shift and, consequently, the optical phase shift between
subsequent interferograms of the stack. The typical time lag
between the last and first interference patterns within a stack
does not exceed 1 s, and it has no effect in a slow diffusion-
controlled process. To obtain the optical phase from the stack
of interferograms, we have used a modified version of Hariha-
ran’s algorithm.19 The expression for the phase evaluation is
ϕ(x, z) = arctan
7(I4 − I2)
4I1 − I2 − 6I3 − I4 + 4I5
. (1)
The spatial coordinates of the image intensities I i(x, z) have
been omitted for clarity. For this technique the interferometer
is adjusted to provide wide fringes. An example of an optical
phase is shown in Fig. 3(a).
In order to reconstruct a spatial distribution of the optical
phase in the ground set-up, the Fourier transform method is
applied. The phase distribution is obtained from two different
interferograms as the interference pattern of interest is always
processed against a reference interferogram taken before the
refractive index change. The interferometer is adjusted to pro-
vide a narrow fringe pattern and the obtained phase map is
shown in Fig. 3(b).
A comparison of the optical phases in Fig. 3 reveals a
strong perturbation of the isolines linearity in the upper part of
the microgravity cell. There are a few reasons for this. SODI
is a multi-user instrument, and the test cell has specific design
features (see Fig. 2(a)). To facilitate the observation of the
entire liquid volume, the copper blocks have protrusions that
enter the opening in the glass frame by approximately 2 mm.
Furthermore, due to the double-containment requirement (i.e.,
leakage-preventing barrier), there are two rubber O-rings
between the glass frame and each copper block. The blocks,
in turn, contain grooves to accommodate these seals. This cell
geometry leads to a deviation of the temperature field from
linearity along the vertical direction, particularly near the cor-
ners of the cell. To resolve the problem of non-linearity in the
corners, a tomographic reconstruction of the 3D concentration
distribution has recently been suggested.20
Another feature of the cell design that affects the ther-
modiffusion separation process is a compensation volume for
thermal expansion. This forms a dead volume with a nearly
isothermal liquid. It is not directly involved in the Soret separa-
tion, but it perturbs the separation by diffusive mass exchange
with neighboring regions already affected by thermodiffusion.
It can be seen from the distortion of the upper fringe at the cen-
tral part of the cell in Fig. 3(a). To resolve the problem of the
compensation volume, it is suggested to take only the variation
of the refractive index in the lower half into account. After this,
the data extraction procedure from the wrapped phase images
is practically identical for the microgravity and the ground
experiments.
The quantity obtained after processing an interferogram
is a spatial phase distribution ∆ϕ(x, z, t), which is transferred
into a concentration distribution by the equation
λ
2 π L












∆T (x, z, t) .
(2)
The second term is defined during the initial step of the exper-
iment.18 Consequently, Soret and diffusion coefficients are
simultaneously extracted by fitting of ∆c(x, z, t) from Eq. (2),
averaged in x-direction, with the 1-D analytical solution


























B. Counter flow cell (CFC)
Isothermal mass diffusion measurements at ULB were
conducted by the counter flow method for creating an interface
between two solutions of different but close concentrations
FIG. 3. Wrapped phase map after sub-
traction of the reference image obtained
with the red laser, which corresponds to
the end of the Soret separation phase:
(a) microgravity and (b) ground setups,
respectively.
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(∆c = 0.01 in most cases). At the beginning of each exper-
imental run, a two-layer liquid system is formed inside the
diffusion cell of 20 mm height by the simultaneous injection
of two solutions through the inlets, heavier mixture from the
bottom and lighter one from the top. The excess of liquid leaves
the cell through the orifices located in the side walls at the level
of the interface, i.e., 10 mm from the bottom. This cell design
allows to create a steep initial concentration drop between the
two layers in the thickness range of about 0.3 mm.
To examine the change in the refractive index of liquid
within the cell, the classical Mach-Zehnder interferometer
scheme was used. The light source is an expanded and col-
limated beam of a laser diode emitting at λ = 670 nm. More
than 200 interferograms are acquired by a 1.2 mega-pixel CCD
camera during a typical experiment time of 10 h. Optical phase
information is extracted from the fringe images by the 2-D
Fourier transform technique.18
The whole setup, including the cell, was maintained inside
a thermally insulated box equipped with a system of active
thermal regulation. The temperature inside the box was kept
at 298.15 K with residual fluctuations of less than ±0.1 K.
Detailed description of similar cell and a data extraction
procedure can be found elsewhere.7
C. Thermogravitational column (TGC) and sliding
symmetric tubes (SST)
Two different instruments were used at UM: the
thermogravitational column (TGC) and sliding symmetric
tubes (SST) for measurements of thermodiffusion and mass
diffusion coefficients, respectively. The employed plane ther-
mogravitational column21 is characterized by the following
parameters: a plane-parallel column has a length of Lz = (98.0
±0.1) cm, gap dimension Lx = (0.102±0.0005) cm, and width
Ly = (5.0 ± 0.1) cm. In the column, a mixture is placed in a
narrow slot between two plates of different temperatures (Fig.
4). The horizontal temperature gradient imposed by heating
(cooling) the walls induces horizontal composition gradients
due to the Soret effect. It also results in convective flow driven
by buoyancy forces. The flow is strictly vertical, except for
the top and bottom ends of the slot. The horizontal separation
of components in combination with the vertical convective
current leads to an enhanced separation between the top and
bottom ends. The theories for the column operation and for
data extraction are well established. The vertical concentration
gradient is given by22,23
∂c
∂z






where x and z are the horizontal and vertical coordinates, ν is
the kinematic viscosity of the mixture, α is the thermal expan-
sion coefficient, and g is the gravity acceleration. Equation (4)
is used to determine the thermodiffusion coefficient DT from
the concentration measurements along the column. Note that
the separation in the column is independent of the temperature
difference between the cold and hot plates.
The vertical concentration gradient is determined from the
relation
dc/dz = (βc ρ)
−1(dρ/dz) . (5)
The vertical density gradient along the column dρ/dz is
directly obtained from the measurements of the density of
five samples taken at evenly spaced elevations. In a narrow
mass fraction range, the variation of ρ with height is linear.
All the physical properties used in Eqs. (4) and (5) were mea-
sured prior to the experiments and they are presented below in
Section III A.
The UM group has measured diffusion coefficients D
using sliding symmetric tubes (SST).9 In this technique, two
liquid mixtures (c0,up,c0,low) with slightly different concentra-
tions around the point of interest (c0±3%) are placed into two
FIG. 4. Sketch of a cross-section of the thermogravita-
tional column and image of the real column.
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FIG. 5. Individual cell of sliding symmetric tubes instru-
ment and the bath where the cells are introduced.
tubular containers (subscripts up and low stand for upper and
lower). In the experiment, typically 10 sets of such two-tube
cells, with the same initial concentration of the mixtures, are
used (see Fig. 5). To prevent convection, the mixture with the
higher concentration of the denser component is placed in the
lower tube. The sets are then introduced into a water bath and
given time to equilibrate at the working temperature, which is
controlled with a precision of 0.1 K (Fig. 5). All pairs of tubes
are then simultaneously brought into contact with each other
and the diffusion process starts. From this point on, the ini-
tial concentration difference between the corresponding tubes
gradually decreases by diffusion. Separating different pairs of
tubes, one by one with a certain time step, the mean concen-
trations in the upper and lower parts, cup, clow, are determined
at successive moments of time. The diffusion coefficient is









where L is the length of the tube, Sup is the slope of the linear
regression formed by the concentration points in the upper
tube.
D. Optical beam deflection
The experimental technique employed at UB is Optical
Beam Deflection (OBD). The apparatus has already success-
fully been used to investigate binary thermodiffusion.3,24,25
This particular setup is a single color version of the one
described in Ref. 15 with a fiber coupled laser diode oper-
ating at a wavelength of 637 nm. The beam is coupled out
from the fiber by means of a collimator, which is mounted on
a profile rail together with the diffusion cell. The latter con-
sists of two copper plates and a glass frame (l = 1 cm geometric
length, h = 1.43 mm height) sandwiched in between. The tem-
perature of either plate is controlled by Peltier elements and
measured with thermistors. At the other end of the profile rail,
at a distance of ld = 1.32 m from the diffusion cell, the beam
displacement is detected by means of a line camera. The whole
setup is housed inside an aluminum box in order to shield
it from temperature and refractive index fluctuations of the
air.
Application of a temperature gradient causes a refractive
















Here, n and nair are the refractive indices of the sample and
the air, respectively. The term l4/n4 accounts for the contri-





















is averaged over the beam profile as suggested by Kolodner.26 It
results from the temperature and concentration gradients and
the optical contrast factors (∂n/∂T )p,c and (∂n/∂c)p,T . The
transport coefficients are obtained from a fit to the measured
beam deflection signal. The temperature T (t) and concentra-
tion c(t) (mass fraction) are calculated as numerical solutions
of the heat and extended diffusion equation
∂tT = Dth∆T , (9)
∂tc = D∆c + DT c(1 − c)∆T , (10)
using the measured temperatures of the copper plates as time-
dependent boundary conditions.
In order to determine the optical contrast factors, the con-
centration and temperature dependence of the refractive index
n(c, T ) was measured at λ = 633 nm by means of a refrac-
tometer (Anton Paar Abbemat WR-MW, T = 293.15 K) and
an interferometer,27–29 respectively. Since the refractometer is
only calibrated for T = 293.15 K, refractive indices at other
temperatures, e.g., T = 298.15 K, are computed by integrat-
ing the interferometrically determined temperature derivative
(∂n/∂T )p,c. The slight difference between the wavelength used
to measure the contrast factors (633 nm) and the one employed
for OBD (637 nm) has been neglected. The density of the sam-
ples was measured with a commercial density meter (Anton
Paar, DSA 5000). All samples were prepared using a precision
balance (Sartorius, BP211D).
III. RESULTS AND DISCUSSION
A. Physical properties
The sign of the Soret coefficient in all binary subsystems
is negative in a large concentration region, if not everywhere.
It turns the mixture into an attractive system for the theoretical
and numerical analysis because it can lead to instabilities in a
non-uniform temperature field in the presence of gravity. These
studies require knowledge of all relevant physical properties
of the system, including viscosity, thermal and mass expan-
sion coefficients, and density. Thus, we have measured these
properties along with diffusion and Soret coefficients in order
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TABLE I. Physical properties of the binary mixtures measured at
T = 298.15 K: density ρ, viscosity µ, thermal expansion α = −ρ−1∂ρ/∂T ,
and solutal expansion β = ρ−1∂ρ/∂c.
c1 (mass frac.) ρ (kg/m3) µ (mPa s) α/10−3 (K1) β/10−2
Toluene (1) + methanol (2)
0.000 786.608 0.544 1.199
0.135 796.498 0.557 1.194 9.26
0.189 800.495 0.562 1.189 9.23
0.336 811.444 0.572 1.181 9.16
0.552 827.632 0.578 1.160 9.10
0.650 835.055 0.571 1.150 9.09
0.908 854.772 0.545 1.113 9.09
1.000 862.179 0.552 1.082
Toluene (1) + cyclohexane (2)
0.00 773.852 0.893 1.220
0.20 787.146 0.727 1.198 9.16
0.40 802.661 0.632 1.168 10.40
0.50 811.274 0.602 1.154 10.96
0.60 820.385 0.578 1.139 11.52
0.80 840.222 0.557 1.109 12.39
1.00 862.179 0.552 1.082
Methanol (1) + cyclohexane (2)
0.00 773.852 0.893 1.220
0.03 772.648 0.842 1.245 −3.21
0.70 775.559 0.595 1.241 3.04
0.75 776.882 0.585 1.234 3.64
0.80 778.455 0.572 1.226 4.27
0.85 780.192 0.565 1.220 4.75
0.90 782.195 0.556 1.216 5.35
1.00 786.608 0.544 1.199
to provide all necessary information for theoretical studies of
this system and their comparison with experimental obser-
vations. Furthermore, the determination of the thermodiffu-
sion coefficient by the thermogravitational technique (Eq. (4))
requires knowledge of thermophysical properties of the mix-
ture such as dynamic viscosity, thermal expansion coefficient,
mass expansion coefficient, and density. These properties mea-
sured at UM are summarized in Table I. All the chemicals
used were purchased from Merck with a purity of better
than 99%.
An Anton Paar DMA 5000 vibrating quartz U-tube den-
simeter with a precision of 1 · 10−6 g/cm3 and an accuracy
of 5 · 10−6 g/cm3 has been used to determine the density of
the extracted samples along the column and the initial den-
sity of the sample. The thermal expansion coefficient α of the
mixture was obtained from a linear fit to the density of the
fluid measured at five different temperatures between 297.15
and 299.15 K centered around the working temperature of T
= 298.15 K. To determine the mass expansion coefficient β,
the density of five samples at different concentrations around
the working concentration has been measured. Both α and β
have been measured by means of the same Anton Paar DMA
5000.
A digital balance with a capacity of 310 g and accuracy of
0.0001 g has been used to prepare the mixtures and a manual
falling ball Haake viscometer with an accuracy of better than
2% to determine their dynamic viscosity.
1. An approach for describing concentration
dependence of physical properties
One of the purposes of the study is to comprehensively
characterise these three binary mixtures and to compare our
data with those available in the literature. All these binary
mixtures have been extensively studied previously and we have
collected in Table II the references where a property of at least
one of them has been measured.
A careful analysis of the data provided by various authors
has shown that they are of a very different quality. Thus, we
first preselect the most reliable data and only then establish a
correlation that accurately describes these data and our current
results. It is rather difficult to distinguish between accurate
and problematic data by a straightforward comparison of the
measurements because for most of them the dependence on
concentration is very close to a linear one. For this reason, it is
more informative to consider a deviation of the property from
linear behavior (an analogue of “excess” value) rather than the
property itself.
This deviation from linearity of some property (e.g.,
density) ∆ρ is defined as

















TABLE II. Literature sources of experimental binary mixture data on density ρ, dynamic viscosity µ, and thermal
expansion α at T = 298.15 K.a
System ρ µ α
Tol–Meth All data References 30–34 References 30,32,33,35, and 36 Reference 30
Selected References 31 and 33 References 33 and 35 · · ·
Tol–Ch All data References 37–41 References 39,41, and 42 References 37 and 41
Selected References 40 and 41 Reference 41 Reference 41
Meth–Ch All data Reference 43 · · · Reference 44
Selected Reference 43 · · · · · ·
aData from Ref. 35 were obtained by extrapolation; data from Ref. 40 were obtained by correlation formula; data from Ref. 41
were obtained by interpolation; data on α from Refs. 30,37, and 41 were obtained by an analysis of ρ(T ) dependency; data on α
in Ref. 44 were given for pure components only.
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FIG. 6. Density deviation for Tol–CH binary system after37–41 and as
obtained in the present study.
here ρ0n is the density of a pure nth component, ρ
lin is the
value of the density, linearly varying between ρ01 and ρ
0
2 over
the entire concentration range, c1 is the mass fraction of com-
ponent (1). There are several reasons for the use of density
deviation despite the fact that in the literature the most com-
monly used quantity is an excess molar volume. First, we prefer
to stay within mass fractions as it is a directly measured quan-
tity; second, the density correlation is used for deriving the
solutal expansion coefficient.
All available literature data, recalculated to density devia-
tion, are presented in Fig. 6. This example gives an idea about
the criteria for the selection of good data. A quick inspection
immediately shows which data have to be rejected from further
consideration. The data by Pandey38 have both high scattering
and poor agreement by magnitude. The data by Iloukhani39
moderately agree by magnitude, but display a very strange
trend with high jumps at the extremes of the concentration
span. The oldest data by Sanni37 agree well by the average
magnitude of ∆ρ, but display noticeable scattering that also
affects the extremities c = 0 and c = 1. Consequently, these
three data-sets (shown by dashed curves in Fig. 6) have been
rejected. Similar criteria have been applied to all other mixtures
and properties. Accordingly, the complete list of the available
data sources in Table II has been supplemented by the list of
sources that have been selected for the use in the correlations. It
is worth noting that for all the mixtures the data on density and
dynamic viscosity are also available via REFPROP database.45
We have found that this database provides acceptable rough
estimates (up to a few percent discrepancy) but it fails when
high precision is needed; in particular, it is unable to correctly
reproduce even a sign of any deviation in property. It seems
TABLE III. Reference values of the physical properties of pure components
at T = 298.15 K obtained by averaging all the data from the selected sources
listed in Table II and measured in this work.
Units Toluene Methanol Cyclohexane
ρ0 kg/m3 862.22 ± 0.07 786.63 ± 0.05 773.8 ± 0.13
µ0 /10−3 Pa s 0.558 ± 0.006 0.547 ± 0.003 0.899 ± 0.010
α0 /10−3 K1 1.082 1.199 1.220
that the equations of state used in REFPROP are established
using an outdated database.
The analysis of deviations is not only convenient for data
comparison but it is also useful for correlating/quantifying
dependencies as well. The drawback of this approach is that
it requires an accurate definition of the properties of the pure
components (anchor points). Their accuracy has an additional
importance since we intend to provide a consistent descrip-
tion of three binary subsystems of a ternary mixture; hence,
the property of a pure component defined from two different
binary mixtures should be the same. These reference values
for pure components, determined by averaging the data from
all preselected accurate data-sets and from this work, are listed
in Table III. We do not provide the standard deviation for α in
the table since mostly our data are available on this property.
Usually polynomials of Redlich–Kister type46 are used for
the description of the excess properties and they are effective











But since we are interested in the property itself, the Redlich–
Kister excess polynomial is transformed into a classical power
series polynomial. In most cases, the two terms in Eq. (12)
provide an accurate description of the data. In a few particular
cases, even one term might be enough, but for generality, a
minimum of two terms is always used. Then, using Eqs. (11)
and (12), the sought relation is written as
ρ = ρlin + ∆ρ
= ρ01c1 + ρ
0
2(1 − c1) + c1(1 − c1) [A0 + A1(1 − 2c1)]










To summarize, the approach describing the property is as
follows. First, the deviation in property is calculated using
Eq. (11) and the data for pure components from Table III.
Then, Eq. (12) is fitted to this deviation, usually with two free
parameters {A0, A1}. Finally, the Redlich–Kister polynomial
for the deviation is transformed into a power series polynomial
for the property using Eq. (13).
TABLE IV. Polynomial coefficients for correlation of density for three
considered binary mixtures at T = 298.15 K.
Units Tol–Meth Tol–CH Meth–CH
Deviation in density, ∆ρ
A0 kg/m3 −3.0884 −27.288 −37.390
Ac kg/m3 0.7736 1.0620 −5.2931
Density, ρ
d0 kg/m3 786.63 773.80 773.80
dc kg/m3 73.275 62.194 −29.853
d2 kg/m3 0.7677 24.102 53.269
d3 kg/m3 1.5471 2.1240 −10.586
AADρ % 0.09 0.09 0.20
AADβ % 0.41 0.84 9.35
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FIG. 7. Density of the mixtures.
2. Concentration dependence of physical
properties: Results
a. Density and solutal expansion coefficient. Using
the above-described approach the density dependence on
concentration is given by
ρ(c) = d0 + d1 · c + d2 · c
2 + d3 · c
3, (14)
where the concentration c is expressed in mass fraction of the
first component of a binary pair. The coefficients di for the den-
sity of the studied mixtures are listed in Table IV. Additionally,
we provided directly fitted coefficients of the Redlich–Kister
type polynomial {A0, A1}. Figure 7 presents result of the fit
for all binary mixtures.
Differentiation of the polynomial for ρ provides a reason-
able description of the mass expansion coefficient β. Then,








d1 + 2d2 · c + 3d3 · c2
d0 + d1 · c + d2 · c2 + d3 · c3
. (15)
Table IV, along with the coefficients of the polynomial
model for the density, includes the absolute average deviation
(AAD) between the experimental data and the model for both
properties.
b. Thermal expansion coefficient. Similar to density, the
thermal expansion coefficient is presented by the coefficients






= a0 + a1 · c + a2 · c
2 + a3 · c
3. (16)
TABLE V. Polynomial coefficients for correlation of the thermal expansion
coefficient for three considered binary mixtures at T = 298.15 K.
Units Tol–Meth Tol–CH Meth–CH
Deviation in thermal expansion coefficient, ∆α
A0 103 K1 0.1101 0.0248 0.3031
A1 103 K1 −0.0541 0.0219 0.2712
Thermal expansion coefficient, α
a0 103 K1 1.1990 1.2200 1.2200
a1 103 K1 −0.0610 −0.0913 0.5533
a2 103 K1 0.0523 −0.0906 −1.1166
a3 103 K1 −0.1082 0.0438 0.5423
AADα % 0.17 0.15 0.28
The coefficients ai for the thermal expansion as well as the
coefficients {A0, A1} for the deviation are summarized in
Table V. Figure 8 presents the fit results for the mixtures.
It follows from the table that the concentration depen-
dency α(c) is closest to the linear behaviour for the Tol–Ch
mixture, as it has the smallest {A0, A1} coefficients. Despite
its smallness, the non-linearity can be clearly distinguished
and fitted by the applied approach (as seen in Fig. 8(b)).
c. Viscosity. As all other properties, dynamic viscosity






The polynomial coefficients for the obtained correlations
are listed in Table VI and the fit result is shown in Fig. 9.
FIG. 8. Thermal expansion coefficients.
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TABLE VI. Polynomial coefficients for correlation of dynamic viscosity for
three considered binary mixtures at T = 298.15 K.
Units Tol–Meth Tol–CH Meth–CH
Deviation in viscosity, ∆µ
A0 mPa s 0.0968 −0.4973 −0.4497
A1 mPa s 0.0051 −0.1880 −0.6628
A2 mPa s −0.2037 · · · −0.6039
A3 mPa s 0.2242 · · · · · ·
Dynamic viscosity, µ
30 mPa s 0.5470 0.8990 0.8990
31 mPa s 0.1334 −1.0264 −2.0684
32 mPa s −0.6629 1.0615 5.4578
33 mPa s 2.4158 −0.3761 −6.1571
34 mPa s −3.6687 · · · 2.4157
35 mPa s 1.7934 · · · · · ·
AADµ % 0.47 0.88 0.28
With this particular property, we have got an exclusion
from our common approach of fitting the property deviation
by a two-term Redlich–Kister polynomial. To reconstruct a
peculiarity of the concentration dependency of the viscos-
ity for Tol–Meth mixture, we had to apply up to four-term
R-K polynomial. Similarly, for the Meth–CH mixture a three-
term R-K polynomial provided better correlation. The derived
power series polynomials have been changed accordingly. Vis-
cosity plots for the mixtures, presented in Fig. 9, confirm the
need in more complex description and accuracy of the fit.
To conclude, this section presents most comprehensive
and accurate correlations for basic physical properties of the
considered binary mixtures. These correlations describe all
mutually consistent datasets available in the literature and mea-
sured in this work, and in the majority of cases deviate from
reliable measurements by less than 1%.
B. Optical properties
The optical contrast factors, which have been measured
as described in Section II D, are listed in Tables VII–IX.
Measured refractive indices at 598.3 nm, which are necessary
for concentration determination in the TGC technique,47 are
also included for completeness. The experiments give a linear
dependence in T (degree Celsius) for (∂n/∂T )p,c. The resulting
coefficients can then be fitted by a polynomial in the concen-
tration, see Eq. (18). The concentration derivative (∂n/∂c)p,c at
TABLE VII. Optical properties of the Tol-Meth mixture.
c n, 298.15 K n, 293.15 K (∂n/∂T )/104, K1 (∂n/∂c)
Tol 589.3 nm 632.6 nm 632.6 nm, 298.15 K 632.6 nm, 298.15 K
0 1.326 38 1.327 88 4.0736 0.1494
0.135 1.346 99
0.189 1.355 45 1.356 60 4.4071 0.1559
0.336 1.378 89 1.379 94 4.6722 0.1610
0.552 1.414 53 1.415 77 5.0346 0.1684
0.650 1.431 28 1.432 62 5.2025 0.1718
0.908 1.476 81 1.479 52 5.6081 0.1807
1 1.493 79 1.494 22 5.6743 0.1838
T = 298.15 K can be determined from the measured refractive
indices (T0 = 293.15 K) together with (∂n/∂T )p,c by Eq. (19),
as outlined in Ref. 15. Eqs. (18) and (19) give a parametriza-
tion of the contrast factors in concentration (weight fraction)
and temperature (degree Celsius), valid for the wavelength 633





= a10 + a11 · c + a12 · c
2 + (a20 + a21 · c + a22 · c










(a21 + a22 · 2c)(T
2 − T0
2). (19)
Previous studies15,28 have shown that mixing rules can
provide good predictions for the optical contrast factors of
regular solutions from density data for the mixture and the
refractive indices of the pure compounds. In order to test the
feasibility of this approach for more complex systems with a
polar compound and a miscibility gap that are investigated
here, we have calculated the contrast factors based on the
Looyenga model for the refractive index of a K-component
mixture (here K = 2),15,28,48













Here, ε0 is the vacuum permittivity, NA Avogadro’s number,
ρ the density of the mixture, Mk the molar weight, and ck the
mass fraction of component k. The molecular polarizabilities
FIG. 9. Dynamic viscosity.
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TABLE VIII. Optical properties of the Tol-CH mixture.
c n, 298.15 K n, 293.15 K (∂n/∂T )/10−4, K1 (∂n/∂c)
Tol 589.3 nm, 632.6 nm 632.6 nm, 298.15 K 632.6 nm, 298.15 K
0 1.423 38 1.425 39 5.5045 0.0505
0.20 1.434 37 1.436 73 5.5266 0.0578
0.40 1.448 68 1.448 54 5.5444 0.0651
0.50 1.453 73 1.455 15 5.5512 0.0688
0.60 1.460 94 1.462 33 5.5676 0.0724
0.80 1.476 58 1.477 54 5.6099 0.0797
1 1.493 79 1.494 22 5.6743 0.0870
αk are obtained from Eq. (20) applied to the pure compounds.
For the simple case of a temperature-independent molecular





















































The results of these calculations are compared to the mea-
sured contrast factors in Fig. 10. Generally, the agreement is
convincing. Both for (∂n/∂T )p,c and (∂n/∂c)p,T the deviations
are of the order of one percent or below. Only for (∂n/∂c)p,T
of Meth-CH there are noticeable discrepancies of up to eight
percent, which might still be acceptable for an estimation of ST
and DT in case of binary mixtures. Such an accuracy will, how-
ever, certainly not be sufficient for ternaries, where a precise
knowledge of the contrast factor matrix is crucial for the trans-
formation from the refractive index to the composition space.
At the moment, we do not have good arguments as to why
the Looyenga model shows a rather poor agreement in case of
the concentration derivative of the refractive index of Meth-
CH, whereas the temperature derivatives of the same mixture
are perfectly predicted. Additional work will be required to
elucidate this particular weakness and, possibly, find a more
appropriate description.
TABLE IX. Optical properties of the Meth-CH mixture measured at T
= 298.15 K.
c, n, 298.15 K n, 293.15 K (∂n/∂T )/10−4, K1 (∂n/∂c)
Meth 589.3 nm 632.6 nm 632.6 nm, 298.15 K 632.6 nm, 298.15 K
0 1.423 38 1.425 39 5.5045 0.1207
0.03 1.419 60 1.422 10 5.4646a 0.1194
Miscibility gap
0.70 1.351 93 1.352 76 4.5103 0.0885
0.80 1.342 96 1.343 02 4.4117 0.0839
0.90 1.334 45 1.335 25 4.2377 0.0793
1 1.326 38 1.327 88 4.0736 0.0746
aThis values have not been measured but obtained from the parameterization.
TABLE X. Experimentally determined matrix coefficients aij for the
parametrization of the contrast factors (∂n/∂T )p,c and (∂n/∂c)p,T according
to Eqs. (18) and (19), respectively.
Units Tol-Meth Tol-Ch Meth-Ch
a00 1.3277 1.4253 1.4255
a01 101 1.5036 0.5054 0.1214
a02 102 1.7096 1.8328 0.0230
a10 104 K1 4.0114 5.3688 5.3607
a11 104 K1 1.7065 0.1580 1.2879
a12 106 K1 5.0172 9.2603 5.2481
a20 107 K2 2.2108 5.6373 5.7178
a21 107 K2 7.3737 5.6630 0.8857
a22 107 K2 7.4218 2.0504 2.3411
C. Mass transport properties
The Fickian mass diffusion coefficients have been mea-
sured by two isothermal methods, sliding symmetric tubes
(SST) at UM and counter flow cell (CFC) at ULB, and
extracted from the thermodiffusion experiments using ODI
and OBD. The Soret coefficients have been measured by
means of the OBD and ODI techniques and thermodiffu-
sion coefficients have been calculated as DT = ST · D. The
direct measurements of DT were conducted in a thermo-
gravitational column at UM. All results are summarized in
Tables XI, XII, and XIII and compared with available literature
data.
FIG. 10. Comparison of the measured contrast factors with predictions from
the Looyenga mixing rule. The concentration always refers to the first
component. Scale bars allow for an estimation of the relative errors.
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TABLE XI. Diffusion, thermal diffusion, and Soret coefficients of Tol-Meth binary mixtures measured at T
= 298.15 K.
c, Tol D/109 m2 s1 DT /1012 m2 s1 K1 ST /103 K1
Mass fr. SST OBD ODI TGC OBD ODI (SST+TGC) OBD ODI
0.135 2.87 10.6 3.69
0.189 2.49 8.6 3.45
0.336 1.93 1.82 7.71 8.06 3.99 4.44
0.500 1.14 5.50 4.82
0.552 1.17 1.023 5.03 4.14 4.32 4.05
0.650 0.82 0.89 0.89 3.45 2.60 3.20 4.23 2.94 3.60
0.908 1.14 8.20 7.19
Among the three binary pairs only Tol-Meth mixture has
a large region with a positive Soret coefficient. Consequently,
three principal techniques (TGC and SST, OBD, and ODI)
were used to determine the Soret, thermodiffusion, and dif-
fusion coefficients. Figure 11 summarizes all the results for
this mixture and displays excellent agreement between all
measured Soret coefficients and literature data. A slight mis-
match between the results of SST with Ref. 49 and Molecular
Dynamic Simulations (MDS) from Ref. 50 for the diffusion
coefficients at a low concentration of toluene leads to a small
difference in the thermodiffusion coefficients. Actually, the
authors of Ref. 49 did not measure diffusion coefficients and
used the available literature data.
The mixture Tol-Ch displays only negative Soret coeffi-
cients, and in the framework of this study the Soret coefficients
were systematically measured using the OBD technique. For
comparison, one of the points (cTol = 0.4) was measured on
the ISS. All the coefficients for this mixture are summarized
in Fig. 12 along with previous results obtained by thermal dif-
fusion forced Rayleigh scattering (TDFRS)51,52 and Molecular
Dynamic Simulations (MDS).50 All the measurements confirm
that the Soret and thermodiffusion coefficients show almost
linear concentration dependence. The mass diffusion coeffi-
cient does not show a pronounced concentration dependence
and it reveals less favorable agreement between the data from
different sources.
The most intriguing system is the Meth-Ch mixture, which
has a large demixing zone as shown in Fig. 1. The Soret coef-
ficients from both sides of the demixing zone were previously
measured53 and revealed a negative sign of ST at the right
side demixing zone, in the region cMeth > 0.65. On the left
TABLE XII. Diffusion, thermal diffusion, and Soret coefficients of Tol-Ch
binary mixtures measured at T = 298.15 K. ISS1 and ground2 measurements
in Ref. 14. Spaces have been added.
c, Tol
D/109 m2 s1
DT /1012 m2 s1 K1 ST /103 K1
Mass fr. SST OBD OBD OBD
0.150 1.77
0.200 1.84 6.20 3.36
0.400 1.74 1.99 4.99 2.50
0.500 1.99 4.39 2.20
0.600 1.88 1.97 3.47 1.76
0.800 2.33 2.36 1.02
0.850 2.09
side, cMeth < 0.05, the Soret coefficient is positive but still the
mixture can be gravitationally unstable during the thermodif-
fusion experiment as the density shows anomalous behavior,
dρ/dc < 0, see Table I. Our measurements are focused on the
diffusion coefficient on either side of the miscibility gap. The
evolution of the diffusion coefficient with concentration shown
in Fig. 14 exhibits sharp decrease of its value approaching
phase boundaries. Let us analyze this behavior more carefully.
The present measurements were conducted at T
= 298.15 K. The complete phase equilibrium curve (binodal)
with a critical composition at ccr ≈ 0.27 and a critical temper-
ature Tcr ≈ 320 K is shown in Fig. 13. We have included data
from three different sources,54–56 which show noticeable scat-
ter. Below the binodal is the spinodal. It touches the binodal in
the critical point (top of curve), whose approximate locus55,56
is indicated in Fig. 13.
In the following we will attempt to obtain a simple scaling
relation for the measured diffusion coefficient.






Here, αb and∆α are the background contribution and the criti-
cal enhancement of the Onsager coefficient, respectively. S(0)
is the static structure factor.58 Several Kelvin above the criti-
cal temperature T c, the critical enhancement can be neglected
TABLE XIII. Diffusion and Soret coefficients of Meth-Ch binary mixtures
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FIG. 11. Diffusive properties of the toluene-methanol binary mixture as a
function of toluene mass fractions at T = 298.15 K. The fits were obtained
from the experimental values of this work.
and the structure factor shows classical mean field scaling
S(0) ∼ ε−γ with ε = (T − Tc/T ) and a scaling exponent of
γ = 1. According to the pseudospinodal concept,59,60 a similar
scaling is observed also for off-critical mixtures, provided the
critical temperature T c is replaced by the temperature T sp of
the spinodal. Assuming thermal activation with an activation
temperature TA for the Onsager coefficient αb, the temperature





exp(−TA/T ) . (24)
Our experiments have not been performed at a fixed com-
position but at a constant temperature T, and the distance to
the spinodal changes by variation of the composition c. With
a few reasonable simplifications we can obtain an equivalent
of Eq. (24) for the concentration variable. First, we assume
a constant value for the Onsager coefficient αb and, hence,
for the proportionality constant a0. Second, we approximate
the spinodal to the left and right of the critical composition54
ccr = 0.3 by straight lines with slopes bl and br , respectively
(see Fig. 13). Hence, the distance to the spinodal along the
temperature and the concentration axis below the critical point
is related by (T T sp) = bx(csp  c), with bx standing for bl
or br , respectively. Applying these assumptions to Eq. (24)
FIG. 12. Diffusive properties of toluene-cyclohexane binary mixture as a
function of toluene mass fractions at T = 298.15 K. The fits were obtained
from the experimental values of this work.
results in an approximate scaling relation for the concentration




exp(−TA/T ) bx(csp − c) . (25)
Thus, the diffusion coefficient should decay roughly linear
upon approach of the spinodal. The extrapolation to the com-
position where D vanishes yields the approximate location of
the spinodal at the experimental temperature T = 298.15 K.
As can be seen in Fig. 14, the decay of D is much steeper
on the left side of the miscibility gap than on the right side.
The intersections of the straight lines with the abscissa define
the approximate locus of the spinodal. The steeper decay of
D for low methanol concentrations is well described by a lin-
ear dependence according to Eq. (25), i.e., γ = 1, and is in
good agreement with the steeper slope of the binodal and,
presumably, also the spinodal on this side.
We are well aware of the oversimplified treatment and the
potentially questionable assumptions regarding the applicabil-
ity of the scaling laws at a large distance from the spinodal.
Neither the quality of the diffusion data nor the relatively
crude approximations of our model allow for a precise pin-
ning down of the spinodal. Nevertheless, the general picture is
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FIG. 13. The experimental data points indicate the binodal in Meth-Ch mix-
tures, which separates the homogeneous from the demixed state. Literature
data from Hammami (Eq. (5) in Ref. 56), Matsuda,55 and Waldner54 show a
noticeable scatter. The dotted curve is a sketch to illustrate the spinodal. The
horizontal blue lines outline the location of the current measurements. The
dashed lines are approximate tangents to the spinodal at T = 298.15 K (see
text).
FIG. 14. Diffusion coefficient of the methanol-cyclohexane binary mixture
at T = 298.15 K. The straight lines extrapolate to the spinodal.
in good agreement with our experimental results and correctly
describes the essence of the underlying physics.
Notice that the scaling should not depend on the concen-
tration units. Here the mass fraction was used, while transition
to other units requires the use of the molecular weight and
density. The molecular weight and the density, which vary
inconsiderably within the mean field region, will change the
coefficient in Eq. (25) but not the scaling.
IV. CONCLUSIONS
We have analyzed physical, optical, and transport proper-
ties of the three binary systems consisting of toluene, methanol,
and cyclohexane by employing different experimental tech-
niques that exist in the participating laboratories as well as
measurements under microgravity conditions onboard the ISS.
Five ternary mixtures of these compounds were recently under
investigation in microgravity experiments in the DCMIX2
project. Since experiments on ternary mixtures are much more
complicated and error-prone than measurements on binaries,
the goal of this work has been to frame the ternary parame-
ter space by thoroughly investigating the boundaries along the
binary composition lines. These data can later serve as reli-
able limiting cases to which the measurements of the binary
systems can be extrapolated. The experimental results for the
Soret (ST ), diffusion (D), and thermodiffusion (DT ) coeffi-
cients are in favorable agreement with different techniques
and the existing literature values.
All binary pairs have regions with negative Soret coef-
ficients, which may lead to a convective instability in the
experiments with nonuniform temperature in a gravity field.
The correlations for the thermophysical properties have been
included in this study, because their knowledge is important
for, e.g., the investigation of fingering buoyant instabilities in
such systems.
In addition to the measured optical contrast factors
(∂n/∂c)p,T and (∂n/∂T )p,c, they were also calculated based
on the Looyenga model. The overall agreement is excellent
except for (∂n/∂c)p,T of Meth-CH, where discrepancies of up
to eight percent have been noticed. Additional work will be
required to find a more appropriate description. An approach
similar to the Looyenga model would be very desirable in case
of binary and—even more—ternary mixtures, since it would
significantly ease the burden of a precise determination of the
optical contrast factors by relating them to the usually more
easily accessible thermal expansion coefficients in connection
with the refractive indices of the pure compounds.
The careful measurements of the diffusion coefficient in
the mixture Meth-Ch close to the miscibility gap have revealed
a characteristic slowing down near the binodal. We have inter-
preted this in the spirit of the pseudospinodal concept, where
scaling laws can also be observed for off-critical mixtures on
approach of the spinodal, which is hidden under the binodal
and not directly accessible. Using some plausible simplifica-
tions, we have postulated a mean field scaling exponent of
γ = 1 for the diffusion coefficient D as a reasonable approx-
imation not only along the temperature but also along the
concentration axis.
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Fluid Phase Equilib. 245, 158 (2006).
41A. A. Silva, R. A. Reis, and M. L. L. Paredes, J. Chem. Eng. Data 54, 2067
(2009).
42J. D. Pandey, A. K. Shukla, V. Sanguri, and S. Pandey, J. Solution Chem.
24, 1191 (1995).
43J. Canosa, A. Rodrı́guez, and J. Tojo, J. Chem. Eng. Data 46, 846 (2001).
44C. Houessou, P. Guenoun, R. Gastaud, F. Perrot, and D. Beysens, Phys. Rev.
A 32, 1818 (1985).
45E. W. Lemmon, M. L. Huber, and M. O. McLinden, NIST standard refer-
ence database 23: Reference fluid thermodynamic and transport properties-
refprop, version 9.1, 2013, https://www.nist.gov/srd/refprop.
46O. Redlich and A. T. Kister, Ind. Eng. Chem. 40, 345 (1948).
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Abstract In this article, new experimental data of the
thermal diffusion coefficient (DT ) of 20 binary mix-
tures of hexane-hexadecane, decane-hexadecane, toluene-
hexadecane and 1-metilnaphtalene-hexadecane at several
different compositions and at 298K and atmospheric pres-
sure, are reported. Thermal diffusion coefficients were
measured in a thermogravitational column with rectangu-
lar configuration. The results obtained show that the mass
fraction dependence of thermodiffusion coefficients of the
mixture is linear in all the cases. The studied mixtures have a
common component, hexadecane, and they can be classified
into two groups according to their mass and to the mor-
phology of their components. We also show that the thermal
diffusion coefficient and mixture viscosity are related in a
different way for mixtures of n-alkanes and for mixtures of
aromatic rings.
Keywords Thermophysical properties · Thermodiffusion
coefficient · Thermogravitational technique ·
Binary mixtures
Introduction
The phenomenon of thermodiffusion has generated a great
interest in the scientific community, due to its appearance
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in numerous processes both natural and industrial of differ-
ent fields such as petroleum industry (Capuano et al. 2011;
Tello Alonso et al. 2012; Montel 1998).
In the case of binary mixtures, there are a lot of tech-
niques which allow the determination of the thermodiffu-
sion coefficient, such as Thermal Diffusion Forced Rayleig
Scattering (TDFRS) (Leppla and Wiegand 2003), Optical
Beam Deflection (OBD) (Königer et al. 2009), Optical Dig-
ital Interferometry (ODI) (Mialdun and Shevtsova 2011),
modern light scattering techniques (Croccolo et al. 2012)
or the Thermogravitational technique (TGC) (Bou-Ali et al.
2003). These experimental techniques were compared and
validated by the performance of a Benchmark for binary
mixtures (Platten et al. 2003).
The analysis of this phenomenon becomes considerably
more complicated when mixtures of more than two com-
ponents are studied. In that case, orbital laboratories are an
ideal environment for the performance of the experiments
thanks to the absence of the convection produced by the
gravity.
Due to this increasing interest, a cooperative international
project supported by the European Space Agency (ESA)
was developed. In it, scientists expect to obtain reliable
benchmark results by the SODI instrument in the Interna-
tional Space Station (ISS) and validate their ground-based
techniques (Mialdun et al. 2012).
With the aim of clarifying the behaviour of the thermodif-
fusion phenomenon in multicomponent mixtures, studies in
binary mixtures about the influence of different properties
in the thermodiffusion phenomenon have been carried out.
In Madariaga et al. (2010) a correlation that allows the deter-
mination of the thermodiffusion coefficient in binary mix-
tures of n-alkanes at any concentration from the dynamic
viscosity, the thermal expansion coefficient and the molec-
ular weight of the mixture was developed. In Leahy-Dios
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and Firoozabadi (2007) the influence of factors such as
the size and the shape of the molecules was analyzed, and
later, in Leahy-Dios et al. (2008) the influence of the vis-
cosity was analyzed too. In addition, in other works, the
influence of the moment of inertia and the chemical effects
was also studied experimentally, by modelling or by simu-
lations (Debuschewitz and Köhler 2001; Villain-Guillot and
Würger 2011; Galliéro et al. 2003).
The motivation of this work is to try to expand the
knowledge about the influence of different properties on the
thermodiffusion coefficient. Therefore, the objective of this
work is to analyze the influence of the molecular weight,
the viscosity and the morphology of the molecules on the
thermodiffusion coefficient.
With the aim of achieving this objective, 4 binary mix-
tures have been chosen with a common component: hexade-
cane.
This work is divided as follows. In Section “Experi-
mental Methodology”, the experimental methodology fol-
lowed is described; in Section “Results and Discussion” the
obtained results and the discussion about them are shown.




In this work the thermogravitational behaviour of four
binary systems with different concentrations has been stud-
ied. The four systems have a common component, hex-
adecane. The analyzed systems are: hexadecane-hexane,
hexadecane-decane, hexadecane-toluene and hexadecane-
1-methylnaphtalene. From here on, hexadecane will be
referred as nC16, hexane as nC6, decane as nC10, toluene
as Tol and 1-methylnaphtalene as MN. These systems can
be grouped by their molecular weight (on the one hand
nC16-nC6 and nC16-Tol and on the other hand nC16-nC10
and nC16-MN) and by the morphology of their components
(nC16-nC6 and nC16-nC10 are chains and nC16-Tol and
nC16-MN are a chain and an aromatic ring). Each system
was studied at different concentrations of nC16.
Table 1 shows the concentrations of nC16, the difference
of molecular weight between the components of the mix-
ture, M = MnC16−Mi , where Mi is the molecular weight
of the second component (Tol, MN, nC6 or nC10), and the
configuration of the mixture.
Every product used in this work was purchased from
Merck and Aldrich, with purity higher than 99 %. The con-
centrations of the binary mixture were obtained by weight
in a scale with accuracy of 0.0001 g. The necessary volume
of mixture for each experiment was of approximately 30
Table 1 Description of the analyzed concentrations, the difference
of molecular weight and configuration of each mixture
nC16-i c (nC16) M Config,




















cm3. The mixtures were prepared introducing first the less
volatile component.
Equipment
The determination of the thermodiffusion coefficient in
this work was done by the thermogravitational technique
(Blanco et al. 2008). By this technique it is possible to deter-
mine the thermodiffusion coefficient from the variation of
the concentration with the height of the column and some
thermophysical properties of the analyzed mixture. The
principle of the thermogravitational technique is as follows.
Instead of trying to avoid convection in the elemental Soret
cell, the thermogravitational technique adds it to the ther-
modiffusive separation. The liquid is inside a vertical gap
with a high aspect ratio Lz >> Lx (where Lz is the height
of the column and Lx is the width of the gap), and where
the walls are at different and constant temperatures. This
horizontal temperature gradient makes, generally, the denser
component migrate to the cold wall due to thermodiffusion
and at the same time, it is moved to the bottom of the column
due to convection. Therefore, a vertical concentration gradi-
ent is established through the height of the gap. The theory
of the thermogravitational column (Furry et al. 1939) allows
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relating the stationary separation with the thermodiffusion
coefficient, DT , by the following expression:
c = −504LzDT v
gL4x
c0(1 − c0) (1)
where c is the difference of mass fraction between the top
and the bottom of the gap, c0 is the mass fraction of the
initial mixture, α = -(1/ρ)(∂ρ/∂T ) is the thermal expansion
coefficient, ν is the kinematic viscosity and g is the gravity
acceleration.
In this work we will take as reference component the
denser component in each mixture. When DT > 0the
denser component migrates to the cold wall and it is moved
to the bottom of the column, increasing the concentration
there, so that c<0.
The thermogravitational column used in this work has
parallelepiped configuration and it was developed and man-
ufactured in Mondragon Goi Eskola Politeknikoa. It is
shown in Fig. 1. The geometric parameters are: Lz = 0.5 ±
0.001 m and Lx = 1 × 10−3 ± 5 × 10−6 m. The tempera-
tures of the walls were TH = 301 K and TC = 295 K, which
implies a mean temperature of 298 K. The column has four
outlets of samples distributed evenly along the height of the
column.
In order to determine the mass separation between the
extremes of the column it was necessary to carry out a prior
Fig. 1 Thermogravitational column with parallelepiped configuration
calibration which relates the mass fraction with a physical
property of the mixture, in our case, the density. An Anton
Paar DMA 5000 vibrating quartz U-tube densimeter with
accuracy of 5x10−6 g/cm3 was used to determine the den-
sity of the mixture at different concentrations. From these
measurements the mass expansion coefficient may also be
determined.
When stationary state is achieved, the vertical density
gradient is determined ∂ρ/∂z, by measuring the density of
the samples extracted from the four outlets along the height
of the column. In every case the variation of the density
with the height of the column was linear. As example, Fig. 2
shows the variation of the density with the height for the
system MN-nC16 with a 40 % of concentration of nC16.



















Where μ is the dynamic viscosity and c0(1 − c0) is the
product of the initial concentrations. This equation allows
us determining DT from the measurements of the density
of the samples taken from different heights of the column.
Considered the experimental errors committed in the mea-
surements of the thermophysical properties, the estimated
uncertainty in the determination of the thermodiffusion
coefficient is of a 5 %.
Fig. 2 Variation of the density of the mixture with the height of the
column
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The dynamic viscosity is determined by two viscometers:
a HAAKE falling ball viscometer and a microviscometer
Anton Paar AMVn.
Results and Discussion
In this section the results obtained in this work and the
discussion generated around them are presented. The den-
sity, the mass expansion coefficient, the thermal expansion
coefficient, the dynamic viscosity and the thermodiffusion
coefficient have been determined for the 20 mixtures pre-
sented in the previous section. Table 2 shows the numerical
values of these properties and of the mass separation for
each mixture.
Figure 3 shows the variation of the density with the
concentration of nC16 for the four studied systems. For
the systems nC6-nC16 and nC10-nC16 this dependency is
linear as it was expected, taking into account the quasi-
ideality of the mixtures of n-alkanes. On the contrary, for
the systems Tol-nC16 and MN-nC16 this dependency is
quadratic, because they are non-ideal mixtures. It is interest-
ing to point out that the four mixtures intersect in the point
corresponding to the density of the nC16.
Fig. 3 Variation of the density with the concentration of nC16 for the
four systems analyzed. Values with * correspond to the works (Leahy-
Dios and Firoozabadi 2007; Leahy-Dios et al. 2008)
In Table 2, the values of β as obtained from the study of
the density with the concentration of nC16 are also reported.
Figure 4 shows the results corresponding to the vari-
ation of the thermal expansion coefficient with the con-
centration. The variation of α with the concentration is
quasi-linear in every case, and the four lines converge
Table 2 Results of the thermophysical properties, mass separation and thermodiffusion coefficient for the 20 mixtures analyzed in this work at
298 K where c is the mass fraction of nC16
System c ρ (kg/m3) α x 10−3 (K−1) β μ (mPa·s) −c x 10−2 DT x 10−12 (m2/sK)
Tol-nC16 0.80 785.15 0.929 0.101 1.77 —– ——
Tol-nC16 0.60 801.76 0.962 0.108 1.20 —– ——
Tol-nC16 0.50 810.65 0.980 0.112 1.02 1.14 1.30
Tol-nC16 0.40 820.00 0.998 0.116 0.87 1.26 1.86
Tol-nC16 0.30 829.78 1.017 0.120 0.76 1.35 2.63
Tol-nC16 0.20 840.00 1.039 0.125 0.68 1.12 3.54
MN-nC16 0.80 809.97 0.877 0.253 2.82 6.61 4.03
MN-nC16 0.60 854.11 0.846 0.273 2.69 9.61 4.19
MN-nC16 0.50 878.45 0.830 0.282 2.62 10.10 4.37
MN-nC16 0.40 903.28 0.810 0.288 2.65 9.88 4.42
MN-nC16 0.20 958.12 0.774 0.304 2.73 6.94 4.66
nC6-nC16 0.72 736.56* 1.009* 0.162* 1.26* 5.55* 6.38*
nC6-nC16 0.50 708.00 1.110 0.161 0.74** 5.08 8.37
nC6-nC16 0.40 699.21 1.140 0.161 0.56 4.16 9.60
nC6-nC16 0.20 676.84 1.233 0.159 0.40 2.18 11.10
nC10-nC16 0.80 761.07 0.917 0.058 2.13 2.39 1.90
nC10-nC16 0.61 752.85* 0.952* 0.059* 1.76* 3.33* 2.23*
nC10-nC16 0.50 747.77 0.966 0.059 1.52** 3.33 2.47
nC10-nC16 0.40 743.66 0.980 0.058 1.28 2.93 2.71
nC10-nC16 0.20 735.00 1.002 0.058 0.99 1.77 3.18
*Blanco et al. (2008)
**Alonso de Mezquia et al. (2012)
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Fig. 4 Variation of the thermal expansion coefficient with the con-
centration of nC16 for the four mixtures analyzed. Values with * cor-
respond to the works (Leahy-Dios and Firoozabadi 2007; Leahy-Dios
et al. 2008)
to the value corresponding to a 100 % concentration
of nC16.
Figure 5 shows the dependency of the dynamic viscosity
with the composition of the mixture. In the same way as in
the case of density and thermal expansion coefficient, the
values of the viscosities in the four systems converge to the
value of the viscosity of hexadecane when the compositions
of the mixtures tend to 100 %.
In Figs. 3–5 are represented also the values obtained in
Leahy-Dios and Firoozabadi (2007) and Leahy-Dios et al.
(2008) for these thermophysical properties. The agreement
between our values and the ones of those works can be
considered excellent.
Moreover, Fig. 6 shows the experimental results obtained
in our column for the separation, c, for the different mix-
tures of the four systems. These results are the mean value
of at least three different measurements.
With the values of ρ, α, μ and c obtained in this
work and the geometric constants of our thermogravitational
Fig. 5 Variation of the dynamic viscosity with the concentration of
nC16 for the four systems analyzed. Values with * correspond to the
works (Leahy-Dios and Firoozabadi 2007; Leahy-Dios et al. 2008)
Fig. 6 Variation of the separation along the height of the column, with
the concentration of nC16 in the four systems analyzed
column, the thermodiffusion coefficients can be calculated
by Eq. 4. Figure 7 shows the obtained values of DT . All
the values of DT are positive, which means that in every
case the denser and the less dense components enrich the
bottom and the top of the column respectively. It is impor-
tant to point out that with our experimental equipment it
has not been possible to measure thermodiffusion coeffi-
cients for the mixture Tol-nC16 with concentrations of nC16
higher than 50 %. In these mixtures the separation is very
small and the experimental error masks the result. How-
ever, the behaviour of DT in these systems indicates that for
concentrations of nC16 higher than 65 % negative values
of DT can be achieved. In any case and for the four sys-
tems, the values of DT decrease with the concentration of
nC16, therefore, they decrease with the concentration of the
heaviest component.
Considering Fig. 7 it can be observed that the dependency
of DT with the composition is linear for the four systems.
Madariaga et al. (2010) showed that the behaviour of the
thermodiffusion coefficient with the mass fraction is linear
Fig. 7 Variation of the thermodiffusion coefficient with the concen-
tration of nC16 for the four mixtures analyzed
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in binary mixtures of n-alkanes. In this work we can confirm
this behaviour for the systems nC6-nC16 and nC10-nC16.
In this work also, we have shown that this linear behaviour
appears also in non-ideal mixtures formed by linear chains
and rings such as Tol-nC16 and MN-nC16.
It has to be pointed out that the coefficients DT for the
systems Tol-nC16 and MN-nC16 have the same value when
the mass fraction of the hexadecane tends to zero, although
their thermophysical properties and molecular weights are
different. In other words, toluene and 1-methylnaphtalene
have the same response to temperature gradient when hex-
adecane is present as traces, indicating that the mobility of
these components is similar.
With regard to the slopes of the lines that represent the
dependency of DT with mass fraction, the four systems can
be classified in two groups. One of the groups is formed
by the systems nC6-nC16 and Tol-nC16 which have simi-
lar slopes, and the other group is formed by MN-nC16 and
nC10-nC16 with similar slopes between them but different
to the previous ones. Each group has in common that the
difference of molecular weight between their components,
M , has similar values (see Table 1). In other words, the
slopes of the lines DT vs c are directly related to the values
of M .
The thermodiffusive behaviour of the systems formed by
n-alkanes, nC6-nC16 and nC10-nC16, is perfectly described
by the empirical relations obtained in Madariaga et al.
(2010). In this work it is concluded that the values of the
coefficient DT are directly proportional to the difference of
molecular weights and to the thermal expansion coefficient,
and inversely proportional to the dynamic viscosity (Eq. (5)
in Madariaga et al. (2010)). Therefore, for binary mixtures
of n-alkanes it is satisfied that:
• When the difference between the molecular weights of
the components increases, the mobility of the molecules
increases, and therefore, the thermodiffusion coefficient
increases too.
• When the dynamic viscosity increases the mobility
of the molecules decreases, and the thermodiffusion
coefficient decreases too.
• When the thermal expansion coefficient increases, the
thermodiffusion coefficient increases too.
• The similarity between the molecules decreases the
thermodiffusion coefficient. This is because molecules
with the same shape respond in the same way to
thermal effects, and therefore, the separation due to
the thermodiffusive effect is smaller (Leahy-Dios and
Firoozabadi 2007).
It can be observed how when comparing the systems nC6-
nC16 and nC10-nC16, the previous considerations about
M , viscosity and thermal expansion coefficient encourage
the system nC6-nC16 and this is the one which has higher
thermodiffusion coefficient (Fig. 6).
On the contrary, the behaviour of the thermodiffusion
coefficient comparing systems with an aromatic ring is just
the opposite. In these systems, as Fig. 7 shows, the thermod-
iffusion coefficient increases when viscosity increases and
difference between molecular weights of the components
and thermal expansion coefficient decrease. For example,
the mixture MN-nC16 with a 50 % of mass fraction which
has a viscosity of 2.63 mPa·s, has a DT of 4.37 m2/sK;
however, the system Tol-nC16 with a 50 % of mass frac-
tion, which has a viscosity of 1.02 mPa·s, has a DT of 1.30
m2/sK, which is a behaviour completely opposite to the one
followed by systems of n-alkanes. A similar situation is
found when the influence of α is studied. For the mixture
Tol-nC16 with a 50 % of mass fraction α is 0.980 K−1 and
it has a DT of 1.30 m2/sK; on the contrary, the mixture MN-
nC16 with a 50 % of mass fraction has a α of 0.830 K−1
and a DT of 4.37 m2/sK.
Leahy-Dios and Firoozabadi (2007) have disclosed the
influence of the molecular shape on the thermodiffusion
coefficient. These authors, by experimental measurement of
DT in the series MN-nCi and nC10-nCi (I = 5-16) conclude
that DT values are higher in systems formed by MN and
n-alkanes than in the ones formed by two n-alkanes. The
normal alkanes have a similar configuration and therefore,
they respond in the same way to the established thermal gra-
dient, which would explain the low values of DT in these
systems compared to the ones obtained for MN-nCi. Over-
all, these conclusions are not maintained for our results.
The value of DT for the system MN-nC16 is higher than
the one obtained for the system nC10-nC16, the two sys-
tems with similar M . However, for the systems Tol-nC16
and nC6-nC16 with similar values of M the situation
is reversed; the value of DT for the system nC6-nC16 is
much higher than the one obtained for the system Tol-nC16.
In any case, more studies are needed to confirm the sug-
gestion of Leahy-Dios and Firoozabadi (2007) about the
importance of the molecular shape in the thermodiffusion
coefficient.
On the other hand, these authors associate the mobil-
ity of each component to the Brownian movement of the
molecules and it is, ultimately, a function of the viscosity.
They also associate the similarity between the components
of the mixture to the type of answer to a given force field.
In our work, we have checked that in n-alkane mixtures it
effectively happens that when molecular weight and viscos-
ity decreases, DT increases; but in the mixtures of Tol-nC16
and MN-nC16 the behaviour is just the opposite. This dif-
ferent behaviour can be caused by a strong influence of the
similarity between the components which counteracts the
previous effect, or by other properties that have not been
studied in this work.
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Conclusions
In this work the thermophysical properties (density,
dynamic viscosity and mass and thermal expansion coef-
ficients) and the thermodiffusion coefficient of 20 binary
mixtures have been measured. All the mixtures have a com-
mon component (hexadecane) and the other component is a
n-alkane (hexane or decane) or an aromatic ring (toluene or
1-methylnaphtalene).
For the four studied systems hexane-hexadecane, decane-
hexadecane, toluene-hexadecane and 1-methylnaphtalene-
hexadecane, it has been shown a linear dependency between
the thermodiffusion coefficient and the mass fraction of
the mixture. In addition, in the mixtures of hexane and
decane, the behaviour is the one predicted by the empirical
expressions of Madariaga et al. (2010) for n-alkane binary
mixtures. In these mixtures the thermodiffusion coefficient
is proportional to the difference of molecular weights of
the components and to the quotient between the thermal
expansion coefficient and the viscosity. On the contrary,
for mixtures where one of the components has an aromatic
ring, the behaviour is the opposite; it is proportional to the
quotient between the viscosity and the thermal expansion
coefficient.
More experiments in non-ideal binary mixtures are
needed in order to clarify the influence of different
parameters and to determine general trends in these
binary mixtures. The knowledge about the behaviour of
the thermodiffusion coefficient in binary mixtures will
allow having a better basis for the study of ternary
mixtures.
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Abstract. In this study, the thermodiffusion, molecular diffusion, and Soret coefficients of 12 binary mix-
tures composed of toluene, n-hexane and n-dodecane in the whole range of concentrations at atmospheric
pressure and temperatures of 298.15 K and 308.15 K have been determined. The experimental measure-
ments have been carried out using the Thermogravitational Column, the Sliding Symmetric Tubes and the
Thermal Diffusion Forced Rayleigh Scattering techniques. The results obtained using the different tech-
niques show a maximum deviation of 9% for the thermodiffusion coefficient, 8% for the molecular diffusion
coefficient and 2% for the Soret coefficient. For the first time we report a decrease of the thermodiffusion
coefficient with increasing ratio of the thermal expansion coefficient and viscosity for a binary mixture of
an organic ring compound with a short n-alkane. This observation is discussed in terms of interactions be-
tween the different components. Additionally, the thermogravitational technique has been used to measure
the thermodiffusion coefficients of four ternary mixtures consisting of toluene, n-hexane and n-dodecane
at 298.15 K. In order to complete the study, the values obtained for the molecular diffusion coefficient in
binary mixtures, and the thermodiffusion coefficient of binary and ternary mixtures have been compared
with recently derived correlations.
1 Introduction
A temperature gradient within a liquid mixture generates
mass fluxes that tend to separate its components. This
effect at the same time generates fluxes in the opposite
direction due to molecular diffusion. This phenomenon is
known as thermodiffusion or Ludwig-Soret effect [1, 2].
The flux (J) for one of the components of the mixture











, i = 1, 2, . . . , (n − 1),
(1)
where ρ is the density of the mixture, ck is the mass frac-
tion of component k, ∇T is the applied temperature gra-
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dient, Dik is the molecular Fick diffusion coefficient and
DiT is the thermodiffusion coefficient of the i component.
In this equation n refers to the number of components of
the mixture. This phenomenon is of particular importance
in several fields, such as solar ponds [3–5], geologic pro-
cesses [6–8] or separation processes in liquids [9]. Further-
more, it has aroused interest in petroleum industry [10–12]
and it is also used in biotechnology [13,14].
Numerous former studies of binary mixtures have re-
ported that parameters, such as molar mass, size and
shape have significant impact on the thermodiffusion pro-
cess, however, in liquid mixtures of non-polar molecules,
physical properties like thermal expansion, moment of
inertia and polarity show particular importance [15–
17], while in aqueous mixtures and solutions structural
changes such as breakdown of the hydrogen bond net-
work are more important [18–20]. Already in 2006, an ele-
mentary theory predicted a linear correlation between the
thermodiffusion coefficient and the ratio of thermal ex-
pansion coefficient to kinematic viscosity [21]. Later, this
theory was confirmed experimentally in both organic [22]
and aqueous systems [23].
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Table 1. Mass fraction of each component in the ternary mix-





I 0.2642 0.4885 0.2471
I.1 0.5167 0 0.4832
I.2 0.3510 0.6489 0
I.3 0 0.6640 0.3359
II 0.2413 0.6218 0.1367
II.1 0.6405 0 0.3594
II.2 0.2787 0.7212 0
II.3 0 0.8218 0.1781
III 0.2920 0.3272 0.3807
III.1 0.4331 0 0.5668
III.2 0.4741 0.5258 0
III.3 0 0.4586 0.5413
IV 0.3333 0.3333 0.3333
IV.1 0.5000 0 0.5000
IV.2 0.5000 0.5000 0
IV.3 0 0.5000 0.5000
There are many studies, both theoretical and experi-
mental, about thermodiffusion in binary mixtures [15,24–
31], but in most technical processes we have to deal with
multicomponent mixtures and not only with binary mix-
tures [32]. Although much effort has been made in the
theoretical treatment of multicomponent mixtures [33,34],
only a few ternary mixtures have been experimentally in-
vestigated [35–40]. In this sense ternary mixtures are of
particular importance when going from binary to multi-
component mixtures. They show more characteristic fea-
tures of true multicomponent systems than binary mix-
tures, such as cross and reverse diffusion. Meanwhile, they
are still experimentally accessible.
In this work, four ternary mixtures consisting of tolu-
ene, n-dodecane and n-hexane and their corresponding
binary mixtures will be analyzed. The corresponding bi-
nary mixtures are the ones that maintain the same mass
concentration of two of the components in the ternary
mixtures but in a binary mixture. The ternary mixtures
will be studied at a mean temperature of 298.15K while
the binary mixtures will be studied at both 298.15K and
308.15K. The measurements in binary mixtures will be
carried out using three different techniques. The results
obtained from the Thermogravitational Column (TGC)
and the Sliding Symmetric Tubes (SST) techniques will
be compared with the data from Thermal Diffusion Forced
Rayleigh Scattering (TDFRS). Ternary mixtures will be
investigated only with the Thermogravitational Column
technique. The mass fraction of each component in the
studied ternary mixtures and in the corresponding binary
mixtures are listed in table 1.
The measured thermodiffusion coefficients have been
compared with values predicted by two correlations de-
veloped in previous TGC studies [35, 41, 42]. In the case
of binary mixtures, the obtained experimental results for
the mixtures of n-hexane and n-dodecane will be com-
pared with the correlation found earlier [41]. In the case
of ternary mixtures the correlation by Blanco et al. [35]
will be used for comparison. In a similar way, the values
obtained for the molecular diffusion coefficient for the mix-
ture n-dodecane/n-hexane have been compared with the
ones obtained using the correlations developed by Alonso
de Mezquia et al. [42] and Madariaga et al. [41]. These cor-
relations have been used only for the mixtures of n-hexane
and n-dodecane as these correlations have been developed
and validated only for binary n-alkane mixtures.
The paper is organized as follows. In experimental sec-
tion the techniques used (TGC, SST and TDFRS) and the
different experimental procedures used for the determina-
tion of the properties of the studied binary and ternary
mixtures will be explained. In the first part of results
section the thermodiffusion coefficient, DT, the molecu-
lar diffusion coefficient, D, and the Soret coefficient, ST,
obtained in the binary mixtures using the different tech-
niques are given and discussed. In the second part of this
section, the results obtained for the ternary mixtures are
presented. In the last section the results are summarized.
2 Experimental section
2.1 Sample preparation
2.1.1 Thermogravitational columns and Sliding Symmetric
Tubes
All the products used in the experiments carried out in the
TGC and SST devices have been purchased from Merck,
with a purity better than 99%. The mixtures have been
prepared by weight, adding first the less volatile com-
pound, and later on the second component until the de-
sired concentration is obtained. When preparing the mix-
tures two high accuracy digital scales have been used. One
of the scales has a capacity up to 4500 g and an accuracy
of 0.01 g. This one has been used for the preparation of
the mixtures used in the cylindric thermogravitational col-
umn, in which a quantity of 230 cm3 of fluid is needed to
carry out a measurement. The second digital scale has a
capacity of 310 g and an accuracy of 0.0001 g. This one
has been used in the preparation of the mixtures used in
the parallelepiped thermogravitational column and for the
determination of the density, viscosity, thermal and mass
expansion coefficients, and for the calibration procedure.
The relative uncertainty on sample preparation is lower
than 3 · 10−5.
2.1.2 TDFRS
All the chemicals were purchased from Sigma-Aldrich with
analytical purity (Guaranteed Reagent) and were used
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without further purification. The TDFRS experiments re-
quire a small amount of dye in the sample. In this work,
all samples contained approximately 0.002 wt% of the dye
quinizarin (Aldrich). This amount ensures a sufficient op-
tical modulation of the grating but is small enough to
avoid contributions of the dye to the concentration signal.
Before each TDFRS experiment, approximately 2 cm3 of
the freshly prepared solution was filtered through a 0.2µm
filter (hydrophobic polytetrafluoroethylene) into a quartz
cell with 0.2mm optical path length (Helma) which was
carefully cleaned from dust particles before usage.
After each measurement we checked carefully the
meniscus height in the two filling capillaries of the sam-
ple cell in order to detect whether the volatile solvent
evaporated during the measurement. The accuracy of this
method is certainly better than 1%. The total volume of
the sample cell is in the order of 0.6 cm3. Typically the
experimental uncertainties for ST, DT and D are below 5,
8 and 7%, respectively.
2.2 Data analysis and setup
2.2.1 Thermogravitational columns
In this study, for the determination of the thermodiffu-
sion coefficient, two different thermogravitational columns
have been used. One has a parallelepiped configuration
and the other one has a cylindrical configuration. A
complete description of both columns can be seen else-
where [35].
According to F.J.O. theory [43], the stationary separa-
tion of the components in a thermogravitational column
in the case of a ternary mixture can be related to the











i = 1, 2, . . . , (1 − n), (2)
where α = −(1/ρ)(∂ρ/∂T ) is the thermal expansion co-
efficient, ν the kinematic viscosity, g is the gravitational
acceleration, Lz is the height of the column (500mm) and
Lx is the gap between the hot and cold wall (1.000 ±
0.005mm). More details are described in another pa-
per [35].
When working with binary mixtures, the thermodif-
fusion coefficient can be defined as DiT = cicjD
i
T. Addi-
tionally, one can introduce the mass expansion coefficient
βi = (1/ρ)(∂ρ/∂ci) of the mixture, so that the thermod-
iffusion coefficient in binary mixtures can be obtained by









In order to obtain the concentration variation (∂ci/∂z)
along the column, a calibration has to be done. It is used to
obtain the concentration of each component in the mix-
ture from the data of the density, in the case of binary
mixtures, and density and refractive index in the case of
the ternary mixtures [38]. When using this technique, the
uncertainty in the determination of the thermodiffusion
coefficient in binary mixtures is around 5%. In the case of
ternary mixtures, as the separation of the components in-
side the column is smaller, this factor increases to around
10%.
2.2.2 Sliding Symmetric Tubes
The Sliding Symmetric Tubes technique [42] consists of
several sets with two identical vertical tubes. The studied
mixture, with a slight mass fraction difference (c0 ± 3%),
is introduced in these tubes. The sets are then introduced
in a water bath so that the mixture equilibrates at the
measurement temperature. Analyzing the change of con-
centration in the tubes as a function of time, the molecular
diffusion coefficient of the mixture can be obtained. In the















































cup/bot(t) is the mean concentration of the denser compo-
nent in the upper and bottom tube, respectively, c
up/bot
i
is the initial concentration of the denser component in the
tubes, L is the length of the each tube (half of the diffusion
path), t is the time of experiment and D is the molecu-
lar diffusion coefficient. Taking into account the experi-
mental procedure, the uncertainty in the determination of
the molecular diffusion coefficient with this technique is
around 3% [44].
2.2.3 TDFRS
The TDFRS setup has been described in detail before [45].
A holographic grating is formed by a solid state laser
(λw = 488 nm) for writing and is read out by a He-Ne laser
(λr = 633 nm). By adding a small amount of quinizarin,
the blue light grating is converted into a temperature grat-
ing. The induced concentration grating is read out by the
He-Ne laser and the normalized heterodyne scattering in-
tensity ζhet(t), assuming an ideal excitation with a step
function, is given by
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Table 2. Thermophysical properties at 298.15 K and different mass fractions of the studied binary mixtures.
Mixture c1 ρ/kg m












Tol-nC6 0.053 663.583 1.369 0.2430 0.3237 - -
” 0.2630 699.368 1.305 0.2572 0.3443 - -
” 0.4331 731.425 1.255 0.2679 0.3693 0.1210a −5.4800
” 0.5000 744.757 1.231 0.2734 0.3852 0.1210a −5.4800
” 0.5167 748.213 1.230 0.2754 0.3855 0.1210a −5.4900
” 0.6405 774.495 1.200 0.2839 0.4164 0.1210a −5.5000
Tol-nC12 0.2787 772.611 1.000 0.1348 0.9485 0.0691
b −4.6300
” 0.3510 780.306 1.008 0.1406 0.8814 0.0691b −4.6600
” 0.4741 793.966 1.022 0.1438 0.7861 0.0691b −4.8900
” 0.5000 796.902 1.023 0.1450 0.7690 0.0691b −4.9000
nC12-nC6 0.4586 695.112 1.174 0.1288 0.5244 0.0471
c −4.8318
” 0.5000 698.780 1.158 0.1282 0.5636 0.0471c −4.7869
” 0.6640 713.777 1.094 0.1289 0.7115 0.0471c −4.6120
” 0.8218 728.268 1.035 0.1288 0.9401 0.0471c −4.4955
a
Deviation = 1.62 × 10−3.
b
Deviation = 6.33 × 10−4.
c
Deviation = 3.46 × 10−4.













STc(1 − c), (7)
where c is the mass fraction, τth the heat diffusion time, τ
the equilibration time for the mass diffusion, ST, the Soret
coefficient, (∂n/∂c)p,T and (∂n/∂T )p,c are refractive index
contrast factors with respect to mass fraction at constant
pressure and temperature, and temperature at constant
pressure and mass fraction, respectively. The equilibration
time for the temperature grating τth can be used to calcu-
late the thermal diffusivity, Dth = κ/ρcp, which describes
the heat transport in the solution, and corresponds to the
ratio of the thermal conductivity, κ, over the product of
density, ρ, and specific heat capacity at constant pressure,
cp. The collective diffusion coefficient, D = τq
2, can be
determined from the time constant for the mass diffusion,
τ and the grating vector, q = (4π/λw) sin θ/2 with θ the
scattering angle between the two blue writing beams.
2.2.4 Density measurements
The density measurements have been performed by an An-
ton Paar DMA 5000 vibrating tube density meter, having
a resolution of 1 ·10−6 g cm−3 and a temperature accuracy
of 0.001K using only 1.5 cm3 of sample for the measure-
ments. The relative uncertainty on density measurements
is around 5 · 10−6.
2.2.5 Refractive index measurements
An Anton Paar RXA 156 refractometer has been used
to measure the refractive index of the mixtures as well
as to determine the increments with the mass fraction
(∂n/∂c)p,T . It has a repeatability of 2 ·10
−5, and the tem-
perature accuracy is ±0.01K. The volume needed to make
one measurement is less than 1 cm3. For all investigated
temperatures and concentrations we find a linear depen-
dence of the refractive index on concentration if the tem-
perature is fixed or on temperature if the concentration
is fixed. For all mixtures we determined the (∂n/∂c)p,T
values. The refractometer uses the sodium line with a
wavelength of 589.3 nm, which is roughly 40 nm shorter
than the HeNe-laser of 632.8 nm used as read-out beam
in the TDFRS technique. This causes a small systematic
error in the refractive index increment in the order of 0.5–
1% [46,47].
2.2.6 Viscosity measurements
The dynamic viscosity of the mixtures has been deter-
mined by an Anton Paar AMVn falling ball microviscome-
ter which has a reproductivity in its measurements of over
99%. The temperature is controlled by a Peltier system
which gives a temperature stability of ±0.01K.
Tables 2 and 3 show the measured density, ρ, thermal
expansion coefficient, α, mass expansion coefficient, β, dy-
namic viscosity, µ, and contrast factors, (∂n/∂c)p,T and
(∂n/∂T )P,c, of the studied binary mixtures at different
concentrations at both 298.15K and 308.15K tempera-
tures, while in table 4 the data obtained for the density,
ρ, thermal expansion coefficient, α, and dynamic viscosity,
µ, for the ternary mixtures at 298.15K can be seen. The
values of density and viscosity of mixtures are compared
with available literature values and they agree within 1.7%
and 6.5%, respectively [48–51].
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Table 3. Thermophysical properties at 308.15 K and different mass fractions of the studied binary mixtures.
Mixture c1 ρ/kg m












Tol-nC6 0.053 654.407 1.415 0.2979 - -
” 0.2630 690.160 1.345 0.3158 - -
” 0.4331 722.131 1.287 0.3373 0.1205a −5.5400
” 0.5000 735.573 1.260 0.3521 0.1205a −5.5400
” 0.5167 735.944 1.256 0.3525 0.1205a −5.5500
” 0.6405 765.235 1.216 0.3782 0.1205a −5.5700
Tol-nC12 0.2787 764.853 1.017 0.8370 0.0676
b −4.5800
” 0.3510 772.411 1.024 0.7653 0.0676b −4.6600
” 0.4741 785.827 1.038 0.6862 0.0676b −4.8200
” 0.5000 788.715 1.040 0.6738 0.0676b −4.8800
nC12-nC6 0.4586 686.825 1.203 0.4657 0.0480
c −4.9042
” 0.5000 690.604 1.185 0.4959 0.0480c −4.8704
” 0.6640 706.090 1.113 0.6218 0.0480c −4.6661
” 0.8218 720.818 1.090 0.8059 0.0480c −4.5180
a
Deviation = 1.63 × 10−3.
b
Deviation = 7.16 × 10−4.
c
Deviation = 7.72 × 10−4.
Table 4. Thermophysical properties of the ternary mixtures of the components Tol-nC12-nC6 at 298.15 K and different mass
fractions.
Mixture c1 c2 c3 ρ/kg m
−3 α/10−3 K−1 µ/10−3 Pa s
Tol-nC12-nC6 0.2642 0.2471 0.4885 754.713 1.047 0.7527
” 0.2413 0.6218 0.1367 746.337 1.091 0.6240
” 0.2920 0.3272 0.3807 736.305 1.151 0.5130
” 0.3333 0.3333 0.3333 744.643 1.137 0.5241
3 Results and discussion
3.1 Binary mixtures
3.1.1 Thermodiffusion coefficient
In table 5 the results obtained for the thermodiffusion co-
efficient at 298.15K and 308.15K by the Thermal Diffu-
sion Forced Rayleigh Scattering (TDFRS) and the ther-
mogravitational column (TGC) are shown. In the case of
the thermogravitational technique the value of the ther-
modiffusion coefficient shown is the mean value of the coef-
ficients measured with both columns (parallelepiped and
cylindric one). Additionally, in the normal alkane mix-
tures, the results obtained using the correlation developed
by Madariaga et al. [41] are presented.
As can be seen in table 5, there exist differences be-
tween the values obtained with both techniques and the
ones calculated with the correlation [41]. On average the
deviations between the measurements with TGC and TD-
FRS are about 3% and the maximum deviation is 8.5%.
In table 1 the experimental thermodiffusion coefficients
of the Tol-nC6 mixture obtained in this work are com-
pared with literature values [52, 53]. It can be seen that
the data are in good agreement within the experimen-
tal errors. Especially at 298.15K, the lower temperature,
the deviations between two experimental techniques are
typically below 1.1%. At 308.15K the typical deviations
are below 2%. Compared with the literature value for the
equimolar mixture at 298.15K [54] with deviations be-
tween 2 and 3% for TGC and TDFRS data, respectively.
In fig. 1 we also included the thermal diffusion coefficients
measured by Zhang et al. [55]. Please note that the data
given in table 5 of the mentioned paper are accidently
given as function of the n-hexane mass (mole) fraction,
while the figures show the correct values as function of the
toluene concentration. The deviations from the other data
are well below 9%. The obtained data show an increase of
the thermodiffusion coefficient with increasing tempera-
ture. This can be understood due to a higher mobility of
the molecules as consequence of the decreasing viscosity
at higher temperature. This behavior is in agreement with
previous studies [54].
According to Brenner [21], the thermodiffusion coef-
ficient, DT, of dilute solutions shows a linear correlation
with the thermal expansion coefficient α and the diffu-
sion coefficient D. As D is inversely proportional to the
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Table 5. Results of the Thermodiffusion Coefficient Using the TDFRS and the Thermogravitational Techniques for the Mixtures
Tol-nC6, Tol-nC12 and nC12-nC6 and the Ones Obtained Using the Correlation by Madariaga et al. [41] for nC12-nC6 Mixture
Both at 298.15 K and 308.15 K. δ is the Deviation Between the TDFRS and TGC Measurements.
Mixture c1
DT/10
−12 m2 s−1 K−1
298.15 K 308.15 K
TDFRS TGC δ/% Corr. [41] TDFRS TGC δ/% Corr. [41]
Tol-nC6 0.053 - 12.80 - - - 13.08 - -
” 0.2630 - 12.77 - - - 13.71 - -
” 0.4331 13.30 13.38 0.6 - 14.09 14.36 1.9 -
” 0.5000 13.56 13.51 0.3 - 14.68 14.44 1.7 -
” 0.5167 13.73 13.70 0.2 - 14.79 14.79 1.4 -
” 0.6405 13.94 14.09 1.1 - 14.65 14.82 1.1 -
Tol-nC12 0.2787 2.00 1.95 2.3 - 2.54 2.41 5.2 -
” 0.3510 2.55 2.38 7.0 - 3.09 2.88 7.0 -
” 0.4741 3.40 3.14 8.1 - 3.97 3.64 8.6 -
” 0.5000 3.37 3.39 0.5 - 3.96 3.87 2.2 -
nC12-nC6 0.4586 7.95 8.02 0.8 7.72 8.54 8.46 1.0 8.91
” 0.5000 7.24 7.67 5.7 7.38 8.26 7.97 3.6 8.58
” 0.6640 6.55 6.69 2.1 6.54 6.76 7.12 5.2 7.61
” 0.8218 5.32 5.79 8.5 5.53 6.36 6.61 3.9 6.80
Table 6. Results for the molecular diffusion coefficient using the TDFRS technique for Tol-nC6, Tol-nC12 and nC12-nC6
mixtures and the ones obtained for nC12-nC6 mixture using the SST technique and the correlation by Alonso de Mezquia et
al. [42] at 298.15 K and 308.15 K.
Mixture c1
D/10−9 m2 s−1
298.15 K 308.15 K
TDFRS SST Corr. [42] TDFRS Corr. [42]
Tol-nC6 0.4331 3.04 - - 3.63 -
” 0.5000 2.91 - - 3.34 -
” 0.5167 2.85 - - 3.29 -
” 0.6405 2.49 - - 2.80 -
Tol-nC12 0.2787 1.49 - - 1.89 -
” 0.3510 1.56 - - 1.91 -
” 0.4741 1.49 - - 1.81 -
” 0.5000 1.47 - - 1.75 -
nC12-nC6 0.4586 2.24 2.26 2.15 2.51 2.44
” 0.5000 2.06 2.13 2.09 2.39 2.38
” 0.6640 1.94 1.93 1.87 2.03 2.12
” 0.8218 1.59 1.73 1.65 1.99 1.88
kinematic viscosity ν, it holds DT ∝ α/ν. In most pre-
vious studies for non-polar [22] and even for polar sys-
tems [23, 56] a linear increase of DT as function of α/ν
has been observed experimentally. Figure 2(a), (b) and
(c) display DT of toluene-nC6, toluene-nC12, nC12-nC6
as function of α/ν. The thermodiffusion coefficients of
toluene-nC12 and nC12-nC6 increase linearly, but DT of
toluene-nC6 decreases as function of α/ν. As the ther-
mal expansion coefficient of the toluene-nC6 mixture de-
creases and the viscosity of the mixture increases with
increasing toluene content, it means that DT of toluene-
nC6 increases with increasing toluene content. To our best
knowledge the only other systems in the literature showing
a similar decrease of DT with α/ν are benzene-nC6 and
benzene-nC7 [57] shown in fig. 2(d). Note that benzene
has a similar chemical ring structure as toluene. While
an increase of DT as function α/ν seems to be physi-
cal intuitive, because a lower viscosity leads to a faster
diffusion and a higher sensitivity to temperature changes
should also lead to an increasing thermodiffusion, the op-
posite trend seems to be rather counter intuitive. In or-
der to gain some understanding we regard the interac-
tion energies of the mixtures. For a pure solvent with low
intra-molecular interactions we expect a larger thermal









































Fig. 1. DT of the mixture Tol-nC6 as function of mass fraction
of toluene. (a) Open symbols mark the DT-values at 298.15 K
and (b) solid symbols at 308.15 K. The TDFRS and TGC mea-
surements are marked by a circle and triangle, respectively. The
values from the literature [52–55] are presented by square, star,
solid square and cross symbols, respectively.
























































































Fig. 2. DT of the three mixtures as function of the ratio of the
thermal expansion coefficient, α, and the kinematic viscosity, ν.
(a) toluene-nC6 (TDFRS ◦, •, TGC △, ), (b) toluene-nC12
(TDFRS , w, TGC ⊳, ◭), (c) nC12-nC6 (TDFRS , ,
TGC ▽, 	), (d) benzene-nC6 (R) and benzene-nC7 () from
literature data [57]. All the open symbols present the results of
measurements at 298.15 K and solid symbols are at 308.15 K.
The lines correspond to linear fits of the data points.
expansion coefficient than for solvents with strong molec-
ular interactions. In the case of solvent mixtures we ex-
pect a larger separation if the cross interactions (between
different molecules) are weaker than the intra-molecular
interaction (between the same molecules). A recent two-
chamber lattice model gives a good qualitative description
of the thermodiffusion behavior of benzene-alkane mix-
tures [16]. It turns out that benzene-benzene interactions
are stronger than the heptane-heptane and the benzene-




















Fig. 3. Values for the molecular diffusion coefficient, D, for the
mixture nC12-nC6 studied at 298.15 K (TDFRS ◦, SSTR) and
308.15 K (TDFRS •) as function of the inverse of the dynamic
viscosity, µ, of the mixtures. The dashed and solid lines corre-
spond to the correlation given by Alonso de Mezquia et al. [42]
at 298.15 K and 308.15 K, respectively.
to an easier separation from heptane, i.e. an increasing
DT. As in the case of toluene-nC6 the thermal expansion
coefficient of benzene-nC6 decreases and the viscosity in-
creases with increasing benzene content. These two ob-
servations lead to the unusual decrease of DT with α/ν.
With increasing chain length of the n-alkanes the intra-
molecular interactions of the n-alkanes and cross interac-
tion between benzene and n-alkane increase [16], so that
DT will no longer increase with increasing concentration
of the organic ring compound. Therefore above a certain
chain length the dependence of DT on α/ν will be re-
versed. Due to the similar chemical structure of toluene
and benzene it is reasonable to assume the same behavior
for toluene. Our hypothesis for the chain length depen-
dence is supported by the fact that DT of toluene-nC12
shows the reversed trend. Note that Brenner’s theory is
only valid for dilute solutions, which might be the reason
for the benzene-hexane mixture to be deviated from the
linear fit and to seem to show a minimum of DT.
3.1.2 Molecular diffusion coefficient
Table 6 shows the values for the molecular diffusion co-
efficient for the studied mixtures measured with the TD-
FRS technique and the SST technique. Additionally, the
ones obtained with the correlation developed by Alonso de
Mezquia et al. [42] are listed. The data obtained for the
molecular diffusion coefficient with the two techniques can
only be compared for four of the mixtures. The largest
deviation between data from TDFRS and correlation is
4.3%, while deviation between SST and correlation is
5.0%. The maximum deviation of 8.2% between data from
TDFRS and SST appears for the sample with high dode-
cane concentration. As expected from the Stokes-Einstein
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Table 7. Results obtained of the Soret coefficient using the
TDFRS technique for Tol-nC6, Tol-nC12 and nC12-nC6 mix-
tures and the combination of SST and TGC techniques for




298.15 K 308.15 K
TDFRS SST-TGC TDFRS
Tol-nC6 0.4331 4.37 - 3.88
” 0.5000 4.66 - 4.39
” 0.5167 4.82 - 4.49
” 0.6405 5.59 - 5.23
Tol-nC12 0.2787 1.34 - 1.34
” 0.3510 1.64 - 1.61
” 0.4741 2.29 - 2.19
” 0.5000 2.29 - 2.27
nC12-nC6 0.4586 3.54 3.54 3.40
” 0.5000 3.51 3.60 3.46
” 0.6640 3.39 3.46 3.33
” 0.8218 3.34 3.34 3.19
relation the molecular diffusion coefficient of the mixture
nC12-nC6 increases linearly with the inverse of the dy-
namic viscosity (cf. fig. 3). The data obtained has been
also compared with the data found in the literature [55]
and in all the cases the differences have been within the
experimental error.
3.1.3 Soret coefficient
Table 7 lists the results for the Soret coefficient of the
studied mixtures. This table includes the results obtained
by direct measurements for Tol-nC6, Tol-nC12 and nC12-
nC6 mixtures using the TDFRS and the calculated val-
ues for the nC12-nC6 mixture. The calculated ST values
have been determined using the thermodiffusion coeffi-
cient measured by the TGC and the molecular diffusion
coefficient measured by the SST technique. In this case
the error in the Soret coefficients given in the tables is
around 8%.
The Soret coefficient of the studied mixtures decreases
when the temperature rises. The reason is that the tem-
perature influence on the diffusion coefficient is stronger
than that on the thermodiffusion coefficient. The same
trend has been observed for equimolar toluene and n-
hexane mixtures [54].
Figure 4 summarizes the results determined with the
TDFRS, SST and TGC for the Soret coefficient, the ther-
modiffusion coefficient and the molecular diffusion coeffi-
cient for the mixture nC6-nC12 at 298.15K and 308.15K.








































Fig. 4. Values for the Soret coefficient, thermodiffusion coeffi-
cient and molecular diffusion coefficient for the mixture nC12-
nC6 studied at 298.15 K (open symbols) and 308.15 K (solid
symbols) obtained using the TDFRS (◦, •), TGC (△, ) and
SST (R) techniques as function of the mass fraction of nC12.
3.2 Ternary mixtures
3.2.1 Thermodiffusion coefficient
The obtained results for the thermodiffusion coefficient of
the four ternary mixtures studied can be seen in table 8.
This table shows the value for the thermodiffusion coef-
ficient measured using the TGC technique for two of the
components of the ternary mixtures (Tol and nC6). This
table also contains the values for these coefficients deter-
mined by the correlation derived by Blanco et al. [35]. In
this correlation (eq. (8)), the values of the thermodiffusion
coefficients of the components of the ternary mixtures are
calculated using the data of the dynamic viscosity and
thermal expansion coefficient of the ternary mixture (ta-
ble 4) and the data of the dynamic viscosity, thermal ex-
pansion coefficient and thermodiffusion coefficient of the
corresponding binary mixtures (tables 2 and 3). In this
equation the mass concentration of the components in the











The obtained results show a remarkable agreement be-
tween the data obtained experimentally and the one ob-
tained using the empirical correlation. Both results show
how the denser component (toluene), goes towards the
cold region, while the less dense component of the mixture
(nC6), migrates to the warmer zone for all concentrations
investigated.
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Table 8. Results Obtained for the thermodiffusion coefficient in ternary mixtures of Tol-nC12-nC6 components by the TGC
technique at 298.15 K and the one obtained using the correlation by Blanco et al. [35] for different mass fractions.
Mass fraction DT/10
−12 m2 s−1 K−1
c1 c2 c3 Exp. Corr. [35] Diff. / %









0.2642 0.4885 0.2471 0.58 −0.65 0.58 −0.83 0.05 −22.10
0.2413 0.6218 0.1367 0.71 −1.29 0.93 −1.41 −23.91 −8.39
0.2920 0.3272 0.3807 1.45 −1.86 1.48 −2.07 −2.46 −10.21
0.3333 0.3333 0.3333 1.45 −1.88 1.60 −1.98 −9.31 −5.27
A comparison between the obtained thermodiffusion
coefficients in binary (table 5) and ternary (table 8) mix-
tures, shows that the thermodiffusion coefficient of the
ternary mixtures is, in some cases, almost one order of
magnitude smaller (DT ≃ 10
−13 m2 s−1 K−1). This means
that the stationary separation of the components of the
mixture inside the TGC column in the case of ternary mix-
tures becomes smaller. In ternary mixtures the thermod-
iffusion coefficients have also been measured using a new
thermogravitational column with the same dimensions but
with double length. This leads to a strong separation of
the components inside the column. In all cases the results
obtained with both columns agree within the experimen-
tal error. The results given in table 8 are the mean value
obtained with both columns.
Additionally, one must note the influence of the anal-
ysis method in the determination of the thermodiffusion
coefficients. As it has been pointed out in ref. [58], this
aspect could have influence in the values of the obtained
thermodiffusion coefficients of ternary mixtures. In this
case an analysis method based on the measurement of the
density and the refractive index is used, which gives the
possibility of analyzing the whole range of concentration
of ternary mixtures with fidelity.
4 Conclusion
In this work, the transport properties at 298.15K and
308.15K of 14 binary mixtures composed by toluene, n-
dodecane and n-hexane at different mass fractions have
been determined. The measurements have been carried
out using two different techniques. On the one hand the
Thermal Diffusion Forced Rayleigh Scattering technique
has been applied, which determined the Soret, ST, and
the molecular diffusion, D, coefficients directly, so that
thermodiffusion coefficient, DT, can be calculated. On the
other hand, the Thermogravitational technique and the
Sliding Symmetric Tubes techniques have been used to
determine the thermodiffusion and the molecular diffu-
sion coefficient of the mixtures, calculating then the Soret
coefficient of the studied mixtures from the two different
experiments. For the three coefficients analyzed, a good
agreement between the experimental data obtained with
the different techniques has been found, with a maximum
deviation of 9%. For the system Tol-nC6 we could also
reproduce the literature data with the three methods.
Furthermore we investigated the correlation between
the thermodiffusion coefficient and the ratio of the thermal
expansion and viscosity. For most of the mixtures analyzed
DT increases as a function of the ratio (α/ν). Surprisingly
we find a negative slope for the mixture Tol-nC6. By com-
parison with measurements of benzene with short alkanes
we find a similar trend. In both cases the stronger interac-
tions of the more rigid ring compounds compared to the
flexible alkanes lead to an increase of DT with increasing
content of the ring compound. And if at the same time the
thermal expansion coefficient of the alkane is larger than
for the ring compound we observe a decrease of DT with
α/ν, as it is observed for the short alkanes.
The study has been completed by the experimental
measurement of the thermodiffusion coefficients in four
ternary mixtures at 298.15K using the thermogravita-
tional technique. For these mixtures an analysis of the
results obtained has been carried out. Additionally, three
empirical correlations from the literature [35, 41, 42] have
been used for the determination of the thermodiffusion
and molecular diffusion coefficients in the binary and
ternary mixtures. The comparison with the results ob-
tained by the different experimental techniques leads to
a good agreement in all the cases investigated. The new
data for the ternary mixtures will be useful to validate and
improve theoretical concepts to describe multicomponent
systems.
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Thermodiffusion, molecular diffusion and Soret coefficients
of aromatic+n-alkane binary mixtures
Miren Larrañaga,1 M. Mounir Bou-Ali,1,a) Estela Lapeira,1 Ion Lizarraga,1
and Carlos Santamaría2
1MGEP Mondragon Goi Eskola Politeknikoa, Mechanical and Industrial Manufacturing Department,
Loramendi 4 Apdo. 23, Mondragon 20500, Spain
2Department of Applied Physics II, University of Basque Country, Apdo. 644, Bilbao 48080, Spain
(Received 14 June 2016; accepted 22 September 2016; published online 5 October 2016)
In the present work, we have measured the thermodiffusion coefficient of 51 binary liquid mixtures at
25 oC. These mixtures correspond to the series of the aromatics toluene and 1-methylnaphthalene with
n-alkanes nCi (i = 6, 8, 10, 12, and 14) at different mass fractions in the whole range. For that, we
have used the thermogravitational technique. It is shown that the thermodiffusion coefficient is a linear
function of the mass fraction in all the mixtures. Extrapolating the lines, we obtain the thermodiffusion
coefficient in dilute solutions of n-alkanes for both toluene and 1-methylnaphthalene. These limiting
values show a linear dependence with the inverse of the product of the molecular weights. In addition,
we have measured the molecular diffusion coefficient of all the mixtures at 0.5 of mass fraction
and at 25 oC, by the sliding symmetric tubes technique. It is observed that the product of this
coefficient with the viscosity at the same concentrations takes a constant value for each of the series
considered. Finally, we have also determined the Soret coefficient of the equimass mixtures by the
combination of the measurements of thermodiffusion and molecular diffusion coefficients. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4964298]
I. INTRODUCTION
The concentration gradient generated in a binary liquid
mixture subjected to a temperature gradient is known as Soret
effect. This phenomenon has been widely studied in binary
mixtures and there have been important breakthroughs, such
as promising theoretical models for systems like colloidal
dispersions1,2 or benchmark studies.3,4 Different kinds of
materials have been analyzed experimentally, theoretically,
or numerically, such as aqueous systems5,6 or glycols.7 This
team has worked specially in the case of the n-alkanes. Thanks
to these studies, three quantitative correlations that enable
the prediction of the thermodiffusion,8 molecular diffusion,9
and Soret10 coefficients at any concentration were developed.
However, in the case of aromatic rings analyzed in this work,
and due to the lack of experimental results in the literature,
it has not been possible to develop any correlation up to
date.
In the last years, several works that analyze the
relationships of different properties of the mixture with the
thermodiffusion, diffusion, and Soret coefficients have been
published. Leahy-Dios and Firoozabadi11 studied first the
influence of the shape and size of the molecules, and in the
work of Leahy-Dios et al.12 analyzed also the viscosity and the
composition dependency of the thermodiffusion coefficient.
These effects were analyzed previously for benzene+n-alkane
mixtures in the work of Polyakov et al.13 Other works
have analyzed the isotope effect, like Hartmann et al.14 and
a)Author to whom correspondence should be addressed. Electronic mail:
mbouali@mondragon.edu
Debuschewitz and Köhler15 and the influence of chemical
effects.16 On the other hand, Wilbois et al.17 and Costesèque
et al.18 investigated also the effect of specific environments
like porous media.
As can be seen, several efforts are still being made in
order to understand the phenomenon of thermodiffusion in
binary mixtures, which is essential in order to understand
what happens in ternary and multicomponent mixtures. In
order to fulfill this investigation, experimental results are very
important. This is reflected in works like the ones published
by Hartmann et al.19,20 where they have created a database of
experimental results in order to show that the Soret coefficient
of the equimolar mixtures could be reduced to pure component
properties. Although they have studied all the substances of
their database, they have not been able to investigate all the
possible binary combinations, due to the huge experimental
work it supposes.
Thus, the motivation of this work is to contribute with
new experimental results of thermodiffusion of ten binary
systems at different concentrations (new measurements for
a total of 51 mixtures), and molecular diffusion and Soret
coefficients of twelve binary systems at a mass fraction of
0.5. In addition, in this work we have analyzed the effect of
the concentration, the shape and size of the molecules, the
thermodiffusion coefficient of the dilute solutions, the effect of
the viscosity in the diffusion coefficient, and the dependence
of the Soret coefficient on the molecular weight.
The mixtures analyzed in this work are formed by toluene
(Tol) and an n-alkane and by 1-methylnaphthalene (MN) and
an n-alkane at different concentrations. The n-alkanes used are
n-hexane (nC6), n-octane (nC8), n-decane (nC10), n-dodecane
0021-9606/2016/145(13)/134503/7/$30.00 145, 134503-1 Published by AIP Publishing.
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(nC12), n-tetradecane (nC14), and n-hexadecane (nC16). The
thermodiffusion results for Tol-nC16 and MN-nC16 were taken
from the work of Larrañaga et al.21
II. EXPERIMENTAL PROCEDURE
The mixtures of Tol-nCi and MN-nCi studied in this work
together with their composition are listed in Tables I and II.
All the components used in this study were purchased
from Merck with purity better than 99%. The mixtures
were prepared by weight, introducing first the less volatile
component and then the second component; the mixtures were
vigorously shaken to ensure homogeneity in the liquid phase.
The experimental procedure followed in this work is the
same as that of previous works.9,10,21
An Anton Paar DMA 5000 densimeter with a resolution
of 2 × 10−6 g/cm3 and temperature accuracy of 0.001 K
was used for the determination of the density and the
thermal expansion and mass expansion coefficients. Viscosity
measurements were performed by an Anton Paar AMVn
falling ball microviscosimeter, which has an accuracy of
±0.002 s. Its temperature is controlled by a Peltier system,
which gives a temperature stability of 0.001 K. The samples
were prepared by weight on a digital scale with a precision of
0.0001 g.
TABLE I. Series of Tol-nCi. Mass fraction of toluene, density, thermal
expansion coefficient, mass expansion coefficient, dynamic viscosity, and











0.20 688.333 1.327 0.254 0.323 13.7 ± 0.5
0.40 725.100 1.266 0.267 0.355 13.6 ± 0.6
0.50 745.100 1.235 0.274 0.382 13.6 ± 0.5
0.60 765.843 1.204 0.279 0.399 14.2 ± 0.6
0.80 811.142 1.141 0.296 0.469 14.0 ± 0.5
Tol-nC8
0.20 725.399 1.144 0.193 0.492 6.5 ± 0.3
0.40 754.798 1.133 0.203 0.490 7.6 ± 0.4
0.50 770.404 1.120 0.209 0.489 8.1 ± 0.3
0.60 786.906 1.117 0.215 0.497 8.8 ± 0.4
0.80 822.529 1.100 0.231 0.516 9.8 ± 0.5
Tol-nC10
0.20 748.482 1.052 0.156 0.721 3.3 ± 0.1
0.40 773.011 1.059 0.165 0.655 4.3 ± 0.2
0.50 786.100 1.064 0.171 0.624 5.3 ± 0.3
0.60 800.143 1.068 0.176 0.592 5.7 ± 0.3
0.80 829.507 1.075 0.188 0.566 7.3 ± 0.3
Tol-nC12
0.20 764.503 0.995 0.132 1.010 . . .
0.40 785.657 1.015 0.141 0.830 2.5 ± 0.1
0.50 796.913 1.025 0.143 0.749 3.3 ± 0.1
0.60 808.709 1.037 0.151 0.695 3.8 ± 0.2
0.80 834.032 1.058 0.158 0.605 5.6 ± 0.3
Tol-nC14
0.20 776.199 0.957 0.115 1.372 . . .
0.40 794.804 0.987 0.121 0.998 . . .
0.50 804.685 0.999 0.127 0.875 2.0 ± 0.1
0.60 815.095 1.014 0.130 0.777 2.8 ± 0.1
0.70 825.975 1.031 0.135 0.707 3.5 ± 0.2
0.80 837.485 1.046 0.139 0.636 4.5 ± 0.2
TABLE II. Series of MN-nCi. Mass fraction of 1-Methylnaphthalene, den-
sity, thermal expansion coefficient, mass expansion coefficient, dynamic vis-











0.20 708.981 1.250 0.405 0.377 26.0 ± 1.0
0.40 770.899 1.116 0.430 0.495 23.6 ± 0.8
0.50 805.806 1.051 0.442 0.574 21.6 ± 0.6
0.60 842.715 0.988 0.454 0.729 19.7 ± 0.7
0.80 920.000 0.860 0.483 1.298 14.7 ± 0.7
MN-nC8
0.20 747.506 1.078 0.350 0.593 15.6 ± 0.5
0.40 802.684 0.995 0.366 0.748 14.7 ± 0.5
0.50 833.702 0.955 0.381 0.897 12.7 ± 0.5
0.60 865.290 0.914 0.387 1.081 12.3 ± 0.4
0.80 936.822 0.825 0.409 1.613 10.0 ± 0.4
MN-nC10
0.20 711.469 0.990 0.312 0.942 10.4 ± 0.3
0.40 822.480 0.932 0.326 1.123 9.8 ± 0.4
0.50 851.121 0.902 0.341 1.229 9.5 ± 0.3
0.60 879.894 0.870 0.347 1.417 9.0 ± 0.3
0.80 944.790 0.806 0.367 1.916 7.6 ± 0.4
MN-nC12
0.20 788.355 0.936 0.290 1.422 7.0 ± 0.3
0.40 836.526 0.892 0.304 1.562 6.7 ± 0.2
0.50 863.199 0.862 0.317 1.643 6.8 ± 0.3
0.60 890.465 0.844 0.321 1.819 6.6 ± 0.2
0.80 951.160 0.791 0.339 2.200 6.3 ± 0.2
MN-nC14
0.20 800.072 0.899 0.272 2.051 5.1 ± 0.2
0.40 846.558 0.865 0.287 2.095 5.2 ± 0.2
0.50 871.731 0.846 0.295 2.147 5.3 ± 0.1
0.60 897.720 0.826 0.301 2.232 5.3 ± 0.2
0.80 955.150 0.782 0.318 2.490 5.3 ± 0.3
A. Thermodiffusion coefficient
The thermogravitational technique was used to determine
the thermodiffusion coefficients, DT , in this work. This
technique has been successfully used in previous works
with binary mixtures.10,21 In this case, the thermogravitational
column used has a parallelepiped shape configuration, a length
of 500 mm, and a gap width of Lx = 1 ± 0.005 mm.21 The
temperature difference across the column is 10 ◦C, with
an average temperature of 25 ◦C. For DT > 0, the reference
component migrates to the cold wall and due to the convection,
it is next conducted to the bottom of the column increasing its
concentration, therefore, ∆c < 0. In this work, we will take as
reference the denser component in each mixture (Tol or MN).
The following working equation enables the determination of
the thermodiffusion coefficient from the density gradient and











where g is the gravity acceleration, α is the thermal expansion
coefficient, β is the mass expansion coefficient, µ is the
dynamic viscosity, c0 is the concentration of the reference
component, and ∂ρ/∂z is the density gradient along the
height of the column in the stationary state.
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B. Molecular diffusion coefficient
To determine the molecular diffusion coefficient in this
work, we have used the sliding symmetric tubes technique.
The details of the experimental equipment and procedure can
be found in previous works.10,23
In this work, we have used ten sets of tubes for each
experiment. The diffusion coefficient of each mixture is
determined from the variation of the concentration with the












where Sup is the slope formed by the variation of the
concentration with the square root of time, clowi and c
up
i
are the initial concentrations of component i in the lower and
upper tubes, respectively, L is the length of the tube, and D
is the molecular diffusion coefficient, which is constant in the
case of small concentration variations.
III. RESULTS AND DISCUSSION
A. Experimental results
Tables I and II show the results of density, thermal
expansion coefficient, mass expansion coefficient, and
dynamic viscosity measured in this study for 51 binary
mixtures. All measurements were performed at 25 ◦C. Tables I
and II also show the values of the thermodiffusion coefficient
for the binary mixtures analyzed in this work. Table I shows
the results for the series of Tol-nCi and Table II includes
those for the series of MN-nCi. The thermodiffusion results
are the average value of at least 3 runs for which the
standard deviation of the experimental results is in general
under 2%.
The molecular diffusion coefficients for these systems at
a mass fraction of c = 0.5 were determined by the sliding
symmetric tubes (SST) technique. Table III shows the values
for the diffusion measurements made in this work.
TABLE III. Limiting thermodiffusion coefficient (when c (Tol/MN) = 1),
molecular diffusion coefficient, and Soret coefficients for the Tol-nCi and
MN-nCi series with a mass fraction of c= 0.5 and at 25 ◦C.
System DT0×10−12 (m2/sK) D×10−9 (m2/s) ST ×10−3 (K−1)
Tol-nC6 14.5 2.90 ± 0.10 4.7 ± 0.4
Tol-nC8 10.9 2.06 ± 0.03 3.9 ± 0.2
Tol-nC10 8.5 1.69 ± 0.06 3.1 ± 0.3
Tol-nC12 6.8 1.39 ± 0.03 2.4 ± 0.1
Tol-nC14 6.0 1.22 ± 0.03 1.7 ± 0.1
Tol-nC16 5.0 0.97 ± 0.02 1.4 ± 0.1
MN-nC6 11.0 1.25a 17.0 ± 1.0
MN-nC8 8.3 0.81 ± 0.02 16.0 ± 1.0
MN-nC10 7.0 0.56 ± 0.02 17.0 ± 1.0
MN-nC12 6.1 0.42 ± 0.01 16.0 ± 1.0
MN-nC14 5.3 0.32 ± 0.01 17.0 ± 1.0
MN-nC16 4.9 0.27 ± 0.02 16.0 ± 2.0
aValue calculated from Eq. (5).
Finally, the Soret coefficients determined from the
measurements of thermodiffusion and molecular diffusion
are also presented in Table III.
B. Influence of the shape and size of the molecule
on the thermodiffusion and Soret coefficients
Fig. 1 shows the variation of the DT with the respective
normalized solute molecular weight (MWn is the ratio of
the n-alkane molecular weight to the solvent molecular
weight, in each mixture), for the equimass composition of
the two series measured in this work: Tol-nCi and MN-
nCi. As commented previously, the reference component is
Tol and MN, respectively. Fig. 1 also shows the results
published by our team in the work of Blanco et al.22
for three series of binary mixtures of n-alkanes: nC6–nCi,
where the reference component is nC6; nC10–nCi, where
the reference component is nC10; and nC12–nCi, where
the reference component is nC12. The results published by
Leahy-Dios and Firoozabadi11 for the series MN-nCi and
nC10–nCi (where the reference component is MN and nC10,
respectively) are also shown in the same figure, by empty
symbols. The good agreement between the results of the
series of MN-nCi and nC10–nCi can be appreciated in the
picture.
As was suggested in the work of Leahy-Dios and
Firoozabadi,11 the size of the molecules has an important
influence on DT . Our results for the series Tol-nCi confirm
their expectations for other aromatic-n-alkane mixtures. This
series is well described by a power fit, which was the trend
followed by the series of MN-nCi and Benzene-nCi (Polyakov
and Wiegand25). It can be observed that when the number of
carbons in the chain of the n-alkane increases (and so does the
molecular weight), the thermodiffusion coefficient decreases.
FIG. 1. Thermodiffusion coefficient in function of the respective normal-
ized solute molecular weight, for the equimass composition of the series
of MN-nCi and Tol-nCi measured in this work and for results of the lit-
erature. MWn is the molecular weight of component 2 normalized by the
molecular weight of component 1 in each mixture. The series marked with
a correspond to Leahy-Dios and Firoozabadi11 and the series marked with b
correspond to Blanco et al.22 For each system c1-c2, the reference component
is c1.
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In addition, for the same n-alkane, Tol has higher DT than
MN. This seems to be related to the mobility of the molecule,
given that MN is a bigger molecule than Tol.
In the case of the n-alkanes, the four series are described
by a second order polynomial fit, but only within the range
studied. In general, the series formed by two n-alkanes present
smaller thermodiffusion coefficients than the series of Tol-
nCi and MN-nCi. This behavior may be influenced by the
similarity between the two molecules. If two molecules have
similar shape, they respond in the same way to a temperature
gradient, and thus, the thermodiffusion coefficient is smaller.
On the other hand, if we regard to the series of n-alkanes,
then the influence of the size of the molecules can be seen.
When the size of the n-alkane increases, the molecular weight
increases and thus, the thermodiffusion coefficient decreases.
The Soret coefficients, ST , of the mixtures analyzed in
this work have been determined from the combination of the






Fig. 2 shows the Soret coefficients for the equimass
composition of each mixture, as a function of the molecular
weight of the nCi of each mixture. In order to give the
result for the mixture MN-nC6, the corresponding molecular
diffusion coefficient was calculated from Eq. (5). In addition
to the results of this work, we have included the results
published in Hartmann et al.20 for the mixtures MN-nC8,
MN-nC10, MN-nC14, and MN-nC16, although they are not
directly comparable because the composition analyzed in each
work is not the same. The coefficients analyzed in Hartmann
et al.20 are for the equimolar composition, whereas in this
work we have analyzed the equimass composition. MN and
nC10 have a very similar molecular weight, so for the mixture
MN- nC10 both the equimass and equimolar compositions
are the same and therefore, the results are comparable. The
agreement in this case is acceptable.
FIG. 2. Soret coefficient versus the molecular weight of the solute for the
equimass compositions of the series of Tol-nCi (squares) and MN-nCi (cir-
cles). Empty circles correspond to the results given in Hartman et al.20 for the
equimolar compositions of the series of MN-nCi. The reference component
in each system is MN and Tol, respectively.
As can be observed in the figure, results for Tol-nCi fits a
straight line of negative slope. Thus, the Soret value decreases
when the molecular weight of the n-alkane increases in the
mixture. This behavior is very similar to that found in all
the equimass n-alkane binary systems analyzed in previous
works.10 This fact may indicate the quasi-ideal behavior of
the Tol-nCi equimass mixtures. On the contrary, in the case
of the series of MN-nCi, this relationship is different. As may
be observed in Fig. 2, the Soret coefficient of the equimass
composition does not depend, within the experimental error,
on the molecular weight of the nCi and we could say that it
has a constant value around 16.9 × 10−3 K−1. The behavior of
this system seems to depart from the ideality of the n-alkane
binary systems. On the other hand, the equimolar mixtures
of the series of MN-nCi20 fit also a straight line but with
a negative slope, so the variation of the Soret coefficient
with the molecular weight may be stronger for the equimolar
composition than for the equimass composition. The lack of
results makes it difficult to deepen at this point.
C. Dependence of DT with concentration
We have plotted the variation of the thermodiffusion
coefficient with the mass fraction of the denser component
(c1). Fig. 3 shows the results for the series of Tol-nCi and Fig. 4
shows the results for the series of MN-nCi. In these figures,
the results corresponding to the binary mixtures Tol-nC16 and
MN-nC16 which were published in the work of Larrañaga
et al.21 are also presented.
In the case of the series of Tol-nCi, we can observe
that the variation of the thermodiffusion coefficients with
the mass fraction of Tol forms straight lines. The slope of
all the lines is positive, which indicates that DT increases
with the concentration of the denser component. In the
case of nC6, nC8, and nC10, DT is positive in the whole
range of concentrations. On the contrary, for nCi with
i ≥ 12, we can expect a concentration for which DT = 0.
This concentration increases with the molecular weight of
FIG. 3. Variation of the thermodiffusion coefficient with the concentration of
toluene, for the series Tol-nCi, at 25 ◦C. The results of the system Tol-nC16
were published in the work of Larrañaga et al.21 Empty squares and empty
diamonds correspond, respectively, to the results for Tol-nC6 and Tol-nC12
published in the work of Alonso de Mezquía et al.24
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FIG. 4. Variation of the thermodiffusion coefficient with the concentration of
MN, for the series MN-nCi, at 25 ◦C. The results of the system MN-nC16
were published in the work of Larrañaga et al.21 Empty symbols correspond
to the experimental values published by Leahy-Dios and Firoozabadi11 (0.5
mass fraction) and Leahy-Dios et al.12 (0.25 and 0.75 mass fractions).
the n-alkane. For smaller concentrations of Tol, the trend
of the linear regression suggests that DT < 0, therefore,
the n-alkanes behave thermophobic. In the case of higher
concentrations of Tol, DT > 0 and so, n-alkanes behave
thermophilic. For each concentration, DT decreases when
the number of carbons of the alkane increases. That is,
DT decreases when the molecular weight of the mixture
increases. In addition, we can observe that for smaller
molecular weight the dependency of DT with the concentration
decreases.
In regard to the series of MN-nCi (Fig. 4), the
thermodiffusion coefficients also form linear regressions with
the mass fraction of MN. Therefore, in both series we can
observe the change of the concentration dependent slope as
function of the molecular weight. However, in this case, the
slope is positive or negative depending on the number of
carbons the n-alkane has. For nC6, nC8, nC10, and nC12,
the slope is negative, and thus, DT decreases with the
concentration of MN. On the other hand, for nC14 and nC16,
the slope is positive. In this series, we can observe that DT > 0
in all the cases, so, the n-alkanes behave as thermophobic. In
the same way as happened in the series of Tol-nCi, for each
concentration DT decreases when the molecular weight of the
mixture increases. However, in this case we can observe that
the dependency of DT with the concentration decreases for
higher molecular weight.
D. Dilute solutions
Extrapolating the straight lines presented in Figs. 3
and 4 to the concentration c1 = 1(c2 = 0), we can find the
thermodiffusion coefficient for dilute solutions of n-alkanes in
both Tol and MN, which are denoted as DT0. The obtained
values are shown in Table III. As can be observed, DT0
decreases when the molecular weight of the n-alkane increases
for both solvents (Tol and MN), and it is smaller for the solvent
with higher molecular weight (MN). Taking into account the
dependence on the molecular weight of the solute observed
FIG. 5. Thermodiffusion coefficient of the dilute solution of the series
Tol-nCi (empty circles) and MN-nCi (filled circles).
in previous works26 for dilute n-alkane solutions, we have
represented in Fig. 5 the values of DT0 versus the inverse of
the product M1 · M2. M1 and M2 are the molecular weights of
the solvent and solute, respectively. The data of each series
fit to a straight line, with the same slope in the two cases.
Therefore, DT0 can be written as








where b is a constant independent of the solvent and
a represents a plateau value of DT0, for high values of
M2, which depends on the solvent considered. Stadelmaier,
Rauch and Köhler26,27 also observed the dependence on the
inverse molecular weight of the solute in dilute polymer and
n-alkane solutions in different solvents. On the other hand,
the theoretical models developed by Würger28,29 and reverse
nonequilibrium molecular dynamics (RNEMD) simulations30
also indicate this dependence of DT0 with the inverse of
molecular weight of the solute.
It has also been observed that this relationship at other
mass fractions fits a second order polynomial, which is getting
straighter until it becomes linear for a dilute solution (100%
of solvent).
E. Molecular diffusion coefficients
for equimass mixtures
As it has been previously commented, we have measured
the molecular diffusion coefficients of the ten systems Tol-nCi
and MN-nCi at a mass fraction of 0.5. Fig. 6 shows the results
of the molecular diffusion coefficients versus the molecular
weight of the n-alkane of each system. An exponential law
fit can describe these values. The values published by Leahy-
Dios and Firoozabadi11 are also represented in this figure. For
n-alkanes with low molecular weight, discrepancies between
our results and those of Leahy-Dios are appreciable. However,
for n-alkanes of long chain the agreement is satisfactory. In
all the cases, the diffusion coefficient decreases when the
molecular weight of the n-alkane increases. A very similar
trend was observed in the benzene+n-alkane system published
by Polyakov and Wiegand.25
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FIG. 6. Molecular diffusion coefficient of the equimass composition for the
series of Tol-nCi (squares) and MN-nCi (triangles). Empty triangles corre-
spond to the results published in the work of Leahy-Dios and Firoozabadi.11
A recent work showed that in binary mixtures of n-alkanes
with a mass fraction of 0.5, the coefficient D can be correlated
with the inverse of the viscosity.9 This behavior can be
extended to the systems composed by Tol-nCi and MN-nCi.
Fig. 7 shows the diffusion coefficient values measured in this
work versus the reciprocal dynamic viscosity. In this figure
are also represented the diffusion coefficients for the n-alkane
binary mixtures (nC6–nCi, nC10–nCi, nC12–nCi) published in
the work of Alonso de Mezquía et al.9 As can be observed,
the diffusion coefficients perfectly fit a straight line, which
crosses the origin. Thus, we can write the following linear
relation:
D = k/µ, (5)
where k is the slope of the straight line and µ is the
dynamic viscosity of the mixture at a mass fraction of 0.5.
We may deduce that the value of the constant k depends
on the morphology of the components of the mixture. For
mixtures formed by linear chains such as n-alkanes, the
value of k is the same, k = 1.18 × 10−12 kg ·m/s2. In the
FIG. 7. Molecular diffusion coefficients versus the inverse dynamic viscosity
for the series of Tol-nCi (squares) and MN-nCi (triangles) measured in this
work and for the series of n-alkanes (circles) published in the work of Alonso
de Mezquia et al.9
case of the series Tol-nCi, the value for the constant is
k = 1.09 × 10−12 kg m/s2. Finally, for mixtures of MN-nCi,
this value is k = 0.7 × 10−12 kg m/s2. In conclusion, the
product Dµ for equimass mixtures is a constant for each
series and its value may depend on the morphology of the
components of the mixture.
IV. CONCLUSIONS
In this work, we have measured the thermodiffusion
coefficient of the binary mixtures corresponding to the
series of toluene and 1-methylnaphthalene with n-alkanes
nCi (i = 6,8,10,12,14) at different concentrations by a plane
thermogravitational column. The obtained results suggest
that, as the case of n-alkane mixtures, the thermodiffusion
coefficient is a linear function of the mass fraction for all the
mixtures considered. From the extrapolation of these lines,
we obtain the limiting thermodiffusion coefficients at infinite
dilution of n-alkanes in both systems (Tol-nCi and MN-nCi).
These coefficients linearly decrease with the molecular weight
of the solute in both series, as it occurred in dilutes polymer and
n-alkane solutions. In addition, we have observed the influence
of the shape and size of the molecules on the thermodiffusion
coefficients. Binary mixtures with an aromatic ring are well
described by a potential fit, whereas the nCi–nCi mixtures can
be described by a polynomial fit but only within the studied
range.
We have also measured the molecular diffusion coefficient
of the systems at a mass fraction of c = 0.5 by the sliding
symmetric tubes technique. The obtained results show that
the product of this coefficient with the viscosity at the same
concentration takes constant values for each series, in this
case, Tol-nCi and MN-nCi.
Finally, we have calculated the Soret coefficient from
the combination of the measurements of DT and D, for the
equimass composition of each system. Values for the series
of Tol-nCi show a linear dependence on the molecular weight
of the n-alkane. On the other hand, results for the series of
MN-nCi appear to be independent of the molecular weight of
the n-alkane.
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